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ABSTRACT

The SCDAP/RELAP5-3D® code has been developed for best-estimate transient simulation of light
water reactor coolant systems during a severe accident. The code models the coupled behavior of the
reactor coolant system and reactor core during severe accidents as well as large and small break
loss-of-coolant accidents, operational transients such as anticipated transient without SCRAM, loss of
offsite power, loss of feedwater, and loss of flow. The coolant system behavior is calculated using a
two-phase model allowing for unequal temperatures and velocities of the two phases of the fluid, and the
flow of fluid through porous debris and around blockages caused by reactor core damage. The reactor core
behavior is calculated using models for the ballooning and oxidation of fuel rods, the meltdown of fuel
rods and control rods, fission product release, and debris formation. The code also calculates the heatup
and structural damage of the lower head of the reactor vessel resulting from the slumping of reactor core
material. A generic modeling approach is used that permits as much of a particular system to be modeled
as necessary. Control system and secondary system components are included to permit modeling of plant
controls, turbines, condensers, and secondary feedwater conditioning systems.

This report describes the most recently performed developmental assessment of the

MOD3.3-specific refinements included in SCDAP/RELAP5-3D®. The assessment shows that the code’s
calculated behavior of fuel assemblies under severe accident conditions agree with available
measurements. A wide range of fuel damage experiments and the TMI-2 accident were used to assess the
following models: (1) integral diffusion model for oxidation of fuel rod cladding, (2) stress-based model
for failure of oxide layer containing melted metallic cladding, (3) model for re-slumping of previously
slumped and frozen cladding, (4) model for cracking of cladding oxide layer during reflood conditions and
affect of cracking on oxygen transport, (5) models for flow losses and heat transfer in porous debris, (6)
model for heat transfer in molten pool that has stratified into oxidic and metallic parts, and (7) model for
break-up of jets of molten material slumping into a pool of water. The assessment results show improved
predictions of the axial distribution in oxidation and meltdown of fuel assemblies and the behavior of fuel
assemblies under reflood conditions. The assessment also demonstrates that the single set of models in the

SCDAP/RELAP5-3D® allow users to accurately simulate fuel assembly damage phenomena in severe fuel
damage experiments and nuclear power plants. The additional capabilities embodied in SCDAP/

RELAP5-3D® models are not expected to affect results from this assessment.

il INEEL/EXT-02-00589-V5-R2.2
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EXECUTIVE SUMMARY

The specific features of SCDAP/RELAP5-3D® are described in this five volume set of manuals
covering the theory, use, and assessment of the code for severe accident applications.

The SCDAP/RELAP5-3D® computer code is designed to calculate for severe accident situations the
overall reactor coolant system (RCS) thermal-hydraulic response, core damage progression, and reactor

vessel heatup and damage. The SCDAP/RELAP5-3D® code evolved from the RELAP5 and SCDAP/
RELAPS codes developed at the Idaho National Engineering & Environmental Laboratory (INEEL) under
sponsorship by the U.S. Nuclear Regulatory Commission (US NRC). Development of the RELAP5 code
series began at the INEEL in 1975, while SCDAP development was initiated in the early 1970's with an

active linkage to RELAPS5 in 1979. The SCDAP/RELAP5-3D® code maintained all of the capabilities and
validation history of the predecessor codes, plus the added capabilities sponsored by the DOE.

The RELAPS5 code is based on a two-fluid model allowing for unequal temperatures and velocities of
the fluids and the flow of fluid through porous debris and around blockages caused by reactor core
damage. The models in SCDAP calculate the progression of damage to the reactor core. These models
calculate the heatup, oxidation and meltdown of fuel rods and control rods, the ballooning and rupture of
fuel rod cladding, the release of fission products from fuel rods, and the disintegration of fuel rods into
porous debris and molten material. The SCDAP models also calculate the heatup and structural damage of
the reactor vessel lower head resulting from the slumping to the lower head of reactor core material with
internal heat generation. SCDAP/RELAP5-3D® can be used in analyses of fission product transport and
deposition behavior and containment phenomena by linking it to the detailed fission product code,
VICTORIA'or CONTAIN?, respectively.

The SCDAP/RELAP5-3D® code includes many generic component models from which general
systems can be simulated. The component models include fuel rods, control rods, pumps, valves, pipes,
reactor vessel, electrical fuel rod simulators, jet pumps, turbines, separators, accumulators, and control
system components. In addition, special process models are included for effects such as form loss, flow at
an abrupt area change, branching, choked flow, boron tracking, and noncondensable gas transport. The
code also includes a model for reactor kinetics.

This volume, Volume 5, contains detailed comparisons of measurements and calculations for a wide
range of severe fuel damage experiments and for the TMI-2 accident. This report describes the most
recently performed developmental assessment of the MOD3.3-specific refinements included in SCDAP/
RELAP5-3D®. The assessment shows that the code’s calculated behavior of fuel assemblies under severe
accident conditions agree with available measurements. The assessment also demonstrates that the single
set of models in the SCDAP/RELAP5-3D€ allow users to accurately simulate fuel assembly damage
phenomena in severe fuel damage experiments and nuclear power plants. The additional capabilities
embodied in SCDAP/RELAP5-3D models are not expected to affect results from this assessment.

1. N. E. Bixler, “VICTORIA2.0: A Mechanistic model for Radionuclide Behavior in a Nuclear Reactor
Coolant System Under Severe Accident Conditions,” NUREG/CR-6131, SAND93-2301, December 1998.
2. K. D. Bergeron et al., User s Manual for CONTAIN 1.0, A Computer Code for Severe Nuclear Reactor
Accident Containment Analysis, NUREG/CR-4085, SANDS84-1204, May 1985
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1. INTRODUCTION

This report describes the most recently performed developmental assessment of models in the

SCDAP/RELAP5-3D® code. Developmental assessments achieve four objectives: First, they apply the
code to a broad range of problems in order to reveal and resolve errors not uncovered in previous
applications. Second, they verify that the code is capable of modeling the most important phenomena that
occur during severe accidents. Third, they verify that the new models implemented into the code performs
correctly in the context of severe accidents in Light Water Reactors (LWRs). Fourth, they evaluate the
capability of the most recent version of the code relative to previous versions.

The assessments described in this volume were performed for MOD3.3-specific refinements !

included in SCDAP/RELAP5-3D®. The developmental assessment of MOD3.2 of the SCDAP/RELAPS
code is described in Reference 1-2. It is not anticipated that new models implemented into the SCDAP/

RELAP5-3D€ code will impact the assessments documented in this volume. However, additional
assessments will be included prior to the next revision of this report.

This report has three additional sections that correspond with the three major elements in the
developmental assessment effort. Section 2 summarizes the models that were not in the MOD?3.2 version
of the code and includes the test matrix devised to assess these new models. Section 3 summarizes the
assessment of the code using the results of a broad range of severe fuel damage experiments. Section 4
summarizes the assessment of the models implemented into MOD 3.3 for late-phase damage progression.
This section also evaluates the capability to calculate accident sequences such as the TMI-2 accident,
TMLB’ accident sequences in a PWR, and a severe accident sequence in a BWR. The detailed results of
each developmental assessment test problem are presented in Appendix A.

1.1 References

1-1. L. J. Siefken, E. W. Coryell, E. A. Harvego and J. K. Hohorst, SCDAP/RELAP5/MOD3.3 Code
Manuals, Volumes I though 5, NUREG/CR-6150, Revision 2, INEL-96/0422, January 2001.

1-2. The SCDAP/RELAPS Development Team, SCDAP/RELAP5/MOD3.2 Code Manual, Volume V:
Developmental Assessment, NUREG/CR-6150 Rev. 1, INEL-96/0422, July 1998.

1-1 INEEL/EXT-02-00589-V5-R2.2
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2. Newer Models and Test Matrix for Assessment

Several new models were implemented into more recent versions of SCDAP/RELAP5-3D®. The
new models and the capabilities added to MOD3.3 of the code are summarized in Table 2-1. The new
models include; (1) an integral diffusion method for calculating oxidation and hydrogen uptake in fuel rod
cladding, (2) a model for the configuration of melted metallic cladding retained by an oxide layer and
accounting for size of fuel-cladding gap, (3) a stress-based model for calculating failure of cladding oxide
retaining melted metallic cladding, (4) heat transfer correlations specific to porous debris, (5) a model for
calculating flow losses in porous debris that is based on Darcy’s Law and relative permeabilities and
passabilities (6) a core plate model for calculating heatup of the core plate and its interaction with material
that slumps from the core region, (7) a model for calculating heat transfer for the case of a molten pool in
the lower head stratified into oxidic and metallic pools, (8) a model for calculating the movement of melted
core plate material through porous debris in the lower head and (9) a model for calculating the behavior of
jets of core material slumping into a pool of water in the lower head of the reactor vessel.

Several models in previous versions of the code were also improved. The calculations of the
oxidation of in situ and slumped cladding were extended to account for the effective surface areas for
oxygen uptake. Corrections were made to the models for calculating the internal gas pressure in fuel rods
and the conductance of the fuel-cladding gap.

MOD3.3 of the code also had changes made to improve its maintenance and use. Several features of
Fortran 90 programming were implemented into the code so as to reduce the size of files used for restart
and plotting. The Fortran 90 features also improve the efficiency of code maintenance operations. The
output of the code was extended to include tables summarizing the timing and spatial distribution of
various damage progression events.

A broad assessment was required of MOD?3.3 due to the broad scope of the new models added to the
code and other changes made to the code. The calculations of almost every aspect of reactor core behavior
during the early-phase of a severe accident (phase before beginning of slumping of material to lower head)
have been impacted by the new models and other changes. The results of severe fuel damage tests provide
data for assessing the models calculating reactor core behavior during the early-phase of a severe accident.
Some new models have also been added for calculating late-phase behavior, such as lower head heat
transfer and the behavior of slumping core material. Although only a limited number of experiments have
been performed for investigation of the late-phase of a severe accident, data exist for assessing some of
these models, including the model for the behavior of jets slumping into a pool of water and the model for
heat transfer in a stratified molten pool. Other new late-phase models, such as the model for the movement
of melted core plate material through porous debris, can be assessed only by evaluating for internal
consistency.

A test matrix for MOD3.3 with twenty two test problems was compiled to achieve the objective of a
broad assessment. The test matrix is shown in Table 2-2. The test matrix includes problems ranging from
the analyses of several severe fuel damage experiments to the analysis of the behavior of nuclear power
plants during a severe accident. Each row in Table 2-2 corresponds with a model or code update unique to

2-1 INEEL/EXT-02-00589-V5-R2.2
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MOD3.3. Each column in Table 2-2 corresponds with a test problem for which a solution by MOD3.3
provides information for assessing one or more models in MOD3.3. A short description of each test
problem is given in Table 2-3 and a more detailed description of most of the test problems is given in
Appendix A. For each column, an “X” is placed in the rows corresponding with models or code updates
that can be assessed with that test problem. The problems are listed from left to right in the order of
ascending fuel assembly damage. This order of solution is based on the logic that the calculation of
late-phase damage is dependent on the calculation of the early-phase damage progression, which in turn is
dependent upon the calculation of the rate of boiloff and convective cooling in fuel assemblies with
deficient cooling. So the assessment began with the bundle boiloff test problem, then advanced to test
problems solving experiments involving early-phase fuel damage progression and for which a significant
amount of measurements are available, and then advanced to test problems calculating late-phase damage
progression in LWRs. The broad range of the test problems resulted in an assessment of code updates such
as the conversion of the code from Fortran 77 to Fortran 90, and improvements in code architecture, which
involved changes in models whose mathematical basis was not changed but whose Fortran programming
was changed.

Table 2-1. Models tested in SCDAP/RELAP5/MOD3.3.

Name Extensions in capability provided by model

Integral diffusion’!

(1) Thinning of oxide layer at steam-starved locations, which was not
calculated by the previous parabolic kinetics model, (2) applicability to
rapidly changing temperature and fluid conditions, which was not the
case for the previous parabolic kinetics model, (3) representation of
acceleration in oxygen uptake caused by cracks occurring in the oxide
layer during reflood, which was represented in a more simplified fash-
ion by the previous parabolic kinetics model, and (4) calculation of
hydrogen uptake and associated heatup and embrittlement, which was
not calculated by the previous parabolic kinetics model

Circumferential (1) Melted metallic cladding retained by oxide layer configured as seg-
relocation®™2 ment of annulus, which is consistent with PIE results of severe fuel
damage tests, instead of as axisymmetric cylinder.

INEEL/EXT-02-00589-V5-R2.2 2-2
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Table 2-1. Models tested in SCDAP/RELAP5/MOD3.3. (Continued)

Name

Extensions in capability provided by model

Oxide layer failure’

(1) Timing of failure of oxide layer retaining melted metallic cladding
based on stress in oxide layer instead of on empirical model based on
cladding temperature and fraction of oxidation. As a result, differences
between timing of oxide failure in LWR and in severe fuel damage
tests are consistent with differences in the basic mechanism causing
failure of the oxide layer. This basic mechanism is the stress induced in
the oxide layer by the temperature gradient in it, which is much larger
for severe fuel damage tests than for fuel bundles in a LWR, because in
severe fuel damage tests the nuclear heat generation rate is atypically
large to compensate for heat loss from the relatively small test bundles
(2) timing of failure of oxide layer based on whether it retains melting
metallic cladding with no space for expansion during phase change
from solid to liquid, as is the case for cladding oxidized on both outer
and inner surfaces. In the case of double-sided oxidation, expansion of
the metallic portion during the phase change causes stresses that fail
the oxide layer.

Heat transfer in porous
debris”>

(1) Convective heat transfer at locations with porous debris calculated
by correlations specific to debris, and which calculate heat transfer as
function of debris characteristics, debris temperature, and local coolant
conditions.

Flow loss in porous
debris”>

(1) Flow losses at locations with porous debris calculated by correla-
tions specific to debris, and which calculate flow losses for liquid and
vapor phases as function of debris characteristics and local volume
fractions of liquid and vapor phases.

Core platez'5

(1) Calculation of heatup of core plate and extent of its interaction with
core material that slumps below bottom elevation of core.

Heat transfer in stratified
poolz'4

(1) Heat transfer in molten pool in lower head calculated based on
whether constituents of pool are well-mixed or stratified into oxidic
and metallic pools.

Material movement in
porous debris>®

(1) Calculation of movement of melted core plate through porous
debris in lower head, and affect of this movement on heatup of lower
head.

Fuel-Coolant Interaction
(FC1)>7

(1) Calculation of behavior of jets of material slumping into pool of
water in lower head. Aspects of behavior calculated include; (1) frac-
tion of jet that breaks up into drops and fraction that slumps to bottom
of lower head without break up, (2) convective and radiative heat trans-
fer from drops resulting from break up, and (3) increase in system pres-
sure caused by vapor generation, which in turn is caused by heat
transfer from drops, and (4) motion and settling to bottom of lower
head of drops resulting from break up of jets.

2-3 INEEL/EXT-02-00589-V5-R2.2
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Table 2-2. Test matrix for developmental assessment of SCDAP/RELAP5/MOD3.3.

Test problem
Model or pbfll | cora$ pdropl sur
code update pbfst | pbfl4 | cora7 pdrop2 . .
+
boff fts | fptd | coral3 b9 pdrop3 gstrat | mitdb | fci tll)l}l
df4 | coral7 debqn
Integral diffu- X X X X X
sion
Circumferen- X X X X
tial relocation
Oxide layer X X X X X
failure
Heat transfer in X X
porous debris
Flow loss in X X
porous debris
Core plate X
Heat transfer in X X
stratified pool
Material move- X
ment in porous
debris
FCI X
Fortran 90 X X X X X X X X X X
Other code X X X X
improvements

Table 2-3. Definition of test problems listed in Table 2-3.

Abbreviation

of test problem Description of test problem

boff Boiloff of water in bundle of fuel rods with deficient cooling. Boiloff and
heatup of fuel rods as calculated with fuel rods represented by SCDAP heat
structures compared with that calculated with fuel rods represented by
RELAPS heat structures.

INEEL/EXT-02-00589-V5-R2.2 2-4
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Table 2-3. Definition of test problems listed in Table 2-3. (Continued)

Abbreviation

of test problem Description of test problem

pbfst PBF SFD ST test; nuclear heatup of PWR fuel assembly. Top of fuel assembly
uncovered due to coolant boiloff. Measurements of rate of boiloff, temperature
and damage of fuel rods, and H, production.

flht5 FLHT-5 test; nuclear heatup of full-length PWR fuel assembly. Gradual boiloff
of coolant. Measurements of rate of boiloff, temperature and damage of fuel
rods, and H, production.

pbfll PBF SFD 1-1 test; nuclear heatup of PWR fuel assembly. Steam flow through
assembly. Measurements of temperature and damage of fuel rods, and H, pro-
duction.

pbfl4 PBF SFD 1-4 test; nuclear heatup of PWR fuel assembly. Flow of steam and Ar

through assembly. Measurements of temperature and damage of fuel rods, and
H, production.

fpt0 PHEBUS FPTO test; nuclear heatup of PWR fuel assembly. Flow of steam
through assembly. Measurements of temperature and damage of fuel rods, and
H, production.

df4 ACRR DF-4 test; nuclear heatup of BWR fuel assembly. Flow of steam
through assembly.

cora5 FzK CORA-5 test; PWR fuel assembly with electrical heater rods.

cora7 FzK CORA-7 test; PWR fuel assembly with electrical heater rods. Flow of

steam and Ar through assembly. Measurements of temperature and damage of
fuel rods, and H, production.

coral3 FzK CORA-13 test; PWR fuel assembly with electrical heater rods. Flow of
steam and Ar through assembly, followed by rapid reflood of hot assembly.
Measurements of temperature and damage of fuel rods, and H, production.

coral7 FzK CORA-17 test; BWR fuel assembly with electrical heater rods. Flow of
steam and Ar through assembly, followed by rapid reflood of hot assembly.
Measurements of temperature and damage of fuel rods, and H, production.

b9+ PHEBUS B9+ test; nuclear heating of PWR fuel assembly. Flow of steam
through assembly until assembly hot, then flow of He through assembly so as
to represent situation of extreme steam starvation. Measurements of tempera-
ture and damage of fuel rods, and H, production.

pdropl Steam flow through porous debris bed. SCDAP/RELAPS calculations com-
pared with pressure drop in steam obtained from benchmarked model described
in literature.

pdrop2 Flow of liquid water through porous debris bed. SCDAP/RELAPS calculations
compared with pressure drop in water obtained from benchmarked model
described in literature.
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Table 2-3. Definition of test problems listed in Table 2-3. (Continued)

Abbreviation
of test problem

Description of test problem

pdrop3 Flow of two-phase water though porous debris bed with internal heat genera-

tion. SCDAP/RELAPS calculations compared with pressure drop in two-phase
water obtained from benchmarked model described in literature.

debqn

BNL debris quenching experiment. Quenching from bottom of porous debris at
initial temperature of 775 K. Measurements of transient temperature of several
locations in debris bed.

qstrat

Molten pool stratified into oxidic and metallic parts, and contained in hemi-
spherical lower head; SCDAP/RELAPS calculations compared with solution
obtained from literature of temperature of oxidic and metallic parts, and heat
flux at boundaries of molten pool

mltdb

Theoretical situation of core plate melting on top of ceramic porous debris bed
in lower head of reactor vessel. Solution of the posed problem presents results
that can be evaluated for reasonableness and consistency.

fci

ISPRA FARO-8 test. Slumping of mixture of molten UO, and ZrO, into pool
of water in a vessel. Measurement of transient pressure response in vessel, tem-
perature of plate supporting the settled slumped material, fraction of breakup of
the slumped material, and particle size distribution of the slumped material.

sur

Theoretical situation of TMLB’ accident in PWR. Solution of the posed prob-
lem can be compared with solution of MOD?3.2, and evaluated for reasonable-
ness and consistency.

TMI-2 accident. Measurements of transient system pressure, heatup of parts of
reactor system piping, and final state of reactor core. Indirect measurement of
H, production.

bf

Unmitigated large break Loss of Coolant Accident in Browns Ferry BWR

2-2.
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3. Assessment Using Results of Severe Fuel Damage Tests

This section summarizes the assessment of SCDAP/RELAP5/MOD3.3 using the results of the ten
severe fuel damage experiments identified in Section 2. The experiment results provided information over
a broad range of conditions for assessing the MOD3.3 calculations of the following important early-phase
damage progression events; (1) heatup due to uncovery and oxidation of fuel assembly, (2) oxidation of
fuel assembly during uncovery and during fuel assembly reflood, (3) fuel rod ballooning and rupture, and
(4) fuel assembly meltdown. The assessment was performed by comparing measured results of the
experiments with the corresponding calculated results of MOD3.3 and MOD3.2. Appendices Al through
A7 describe in detail each of these ten experiments and the MOD3.3 and MOD?3.2 calculations for these
experiments.

The comparison of both MOD3.3 and MOD3.2 calculations with the measured results provided
information for assessing the affects of the modeling improvements in MOD3.3. The modeling
improvements to be assessed included; (1) integral diffusion method for calculating the oxidation of fuel
rod cladding, (2) model for configuration of melted metallic cladding retained by oxide layer and
accounting for size of fuel-cladding gap, (3) stress-based model for calculating the time at which failure
occurs to a fuel rod oxide layer retaining melted metallic cladding, and (4) model for re-slumping of
previously frozen slumped cladding. These new modeling improvements impact the MOD3.3 calculations
of the heatup, oxidation, and meltdown of fuel assemblies. Experiment results applicable to the assessment
these modeling improvements included transient measurements of test fuel assembly temperatures and test
fuel assembly hydrogen production and Post-Irradiation Evaluations (PIE) of the axial distribution in
oxidation of the test fuel assembly and the location of blockages due to meltdown in the test fuel assembly.

3.1 Models for Temperature Behavior of Fuel Assemblies

The assessment of the MOD3.3 model for fuel rod heatup showed that the calculated rates of heatup
were in good agreement with the measured rates of heatup for most of the severe fuel damage tests. The
comparisons of calculated and measured rates of heatup were divided into four categories of test fuel
assemblies; (1) heatup of PWR fuel assembly with gradual uncovery of fuel assembly, (2) heatup of PWR
fuel assembly with complete uncovery of fuel assembly throughout the heatup period of the test, (3)
temperature behavior following reflood of hot PWR fuel assembly, and (4) heatup of BWR fuel assembly
with complete uncovery of fuel assembly throughout the heatup period of the test. The experiments in the
first category were; (1) FLHT-5, (2) PBF SFD ST, and (3) PBF SFD 1-1. The experiments in the second
category were; (1) PBF SFD 1-4, (2) CORA-5, (3) CORA-7, (4) CORA-13, (5) PHEBUS B9+, and (6)
PHEBUS FPTO. The experiments in the third category were; (1) PBF SFD ST test, and (2) PBF CORA-13
test. The experiments in the fourth category were; (1) DF-4, and (2) CORA-17. For each of these tests, the
calculated and measured rates of heatup were compared at the location 3/4 of the fuel pellet stack height
above the bottom of the fuel pellet stack. This location was generally near the first location in the test fuel
assembly to undergo rapid oxidation and a temperature measurement was generally available. Also, the
temperature at this location was usually not influenced by blockages caused by fuel rod meltdown or
influenced by cold structures above the test fuel assembly.
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3.1.1 Temperature Behavior of PWR Fuel Assemblies with Gradual Uncovery

The MOD?3.3 calculated rate of heatup of PWR fuel assemblies with a gradual boiloff of coolant was
in general agreement with the measured rate of heatup. The comparisons of calculated and measured
temperature are shown in Figure 3-1, Figure 3-2, and Figure 3-3 for the FLHT-5, PBF SFD ST, and PBF
SFD 1-1 tests, respectively. The MOD3.2 calculations are also shown in these figures. In general, the
temperature measurements fail before the fuel rod temperature exceeds 2000 K and before melting of the
fuel rod cladding has occurred. For the PBF SFD ST test and the PBF SFD 1-1 test, the calculated and
measured rate of heatup are in good agreement. For the FLHT-5 test, the calculated rate of heatup is
somewhat less than the measured rate of heatup. The reason for this underprediction of the rate of heatup
was not identified. As shown in Figure 3-1, Figure 3-2, and Figure 3-3, MOD3.2 calculated a temperature
behavior similar to MOD3.3. Since the measurements did not fail until after rapid oxidation of the fuel rod
cladding had begun, the generally good agreement in temperatures of the MOD3.3 calculations and the
measurements indicates that the integral diffusion model for oxidation is performing correctly.

3000.0 I . I . .
Fallure of measurement
Slumping of cladding
L N ]
g 2000.0 — \ -
(0]
: \
g | ]
5 \
(e
€
K
1000.0 - Measured at 2.37 m 7
——— Calculated, MOD3.3
j Calculated, MOD3.2
0.0 | | | | | | | | |
0.0 1000.0 2000.0 3000.0 4000.0 5000.0

Time (s)
Figure 3-1. Comparison of calculated and measured temperature at 2.37 m elevation for FLHT-5.

3.1.2 Temperature Behavior of PWR Fuel Assemblies with Complete Uncovery

The MOD3.3 calculated rates of heatup of PWR fuel assemblies with a constant and complete
uncovery were found to be in good agreement with the measured rates of heatup. The calculated and
measured rates of heatup are compared in Figure 3-4, Figure 3-5, Figure 3-6, Figure 3-7, Figure 3-8, and
Figure 3-9 for the PBF SFD 1-4, CORA-5, CORA-7, CORA-13, PHEBUS B9+, and PHEBUS FPTO tests,
respectively. The MOD3.2 calculations are also shown in these figures. The agreement between calculated
and measured rates of heatup ranged from very close agreement for the CORA-7, CORA-13 and PHEBUS
B9+ tests to a significant overprediction of the rate of heatup for the PHEBUS FPTO test. For the PBF SFD
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Figure 3-2. Comparison of calculated and measured temperatures at 0.7 m elevation for PBF SFD ST
test.

1-4 test, MOD3.3 calculated a relatively slow rate of heatup at the 0.74 m elevation in the period of 1800 s
to 1900 s due to steam starvation, while the measurement indicated a rapid increase in temperature at this
elevation during this period. At the 0.54 m elevation and where steam starvation was calculated to not
occur, the MOD3.3 calculated temperature and the measured temperature were in close agreement. Since
for these six tests the measurements of the temperatures did not fail until after rapid oxidation of the fuel
rod cladding had begun, the generally good agreement of the MOD3.3 calculations and the measurements
indicates that the integral diffusion model for oxidation is performing correctly.
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Figure 3-3. Comparison of calculated and measured temperature at elevation of 0.7 m for PBF SFD 1-1

test.
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Figure 3-4. Comparison of calculated and measured temperatures at 0.74 m and 0.54 m elevation for
PBF SFD 1-4 test.
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Figure 3-5. Comparison of calculated and measured temperature at 0.75 m for CORA-5 test.
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Figure 3-6. Comparison of calculated and measured temperature at 0.75 m for CORA-7 test.
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Figure 3-7. Comparison of calculated and measured temperatures of unheated fuel rod at elevation of
0.75 m for CORA-13 test.
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Figure 3-9. Comparison of calculated and measured cladding temperatures at 0.7 m elevation for
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3.1.3 Temperature Behavior of BWR Fuel Assemblies with Complete Uncovery

The MOD3.3 calculated rate of heatup of BWR fuel assemblies with a constant and complete
uncovery were found to be in generally good agreement with the measured rate of heatup. The calculated
and measured rates of heatup are compared in Figure 3-10 and Figure 3-11 for the CORA-17 and ACCR
DF-4 tests, respectively.
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Figure 3-10. Comparison of calculated and measured temperatures of unheated rod at elevation 0.75 m
for CORA-17 test.

3.1.4 Temperature Behavior of Fuel Assemblies During Reflood

An acceleration in heatup after the start of reflood was calculated by MOD?3.3 to occur at locations
that were hot and partially oxidized at the start of reflood. The PBF SFD ST test and the CORA-13 test
were the only tests in the set of assessment problems that involved the reflood of a hot fuel assembly. For
both of these tests, the location 1/2 of the fuel pellet stack height above the bottom of the fuel pellet stack
was hot and partially oxidized at the beginning of reflood. Locations higher in the test fuel assembly
generally did not undergo an acceleration in heatup during reflood due to the cladding at those locations
either being completely oxidized or the metallic part of the cladding having slumped before reflood. The
calculated heatup at the location 1/2 of the fuel pellet stack height above the bottom of the fuel pellet stack
for the PBF SFD ST test and the CORA-13 test are shown in Figure 3-12 and Figure 3-13, respectively.
For the PBF SFD ST test, the temperature was calculated to decrease to 1500 K in response to the decrease
in nuclear heat generation and the corresponding increase in water level, and then increase to 1800 K in
response to the increase in oxidation caused by cracking of the oxide layer on the fuel rod cladding. For the
CORA-13 test, the temperature was calculated to decrease to 1750 K due to the increased steam flow
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Figure 3-11. Comparison of calculated and measured temperatures of fuel rod at elevation of 0.254 m for
DF-4 test.

caused by reflood and then increase to 2300 K due to the acceleration in oxidation resulting from cracking
of the cladding oxide layer. For both of these tests, the temperature measurements in the test fuel assembly
failed before the beginning of reflood and thus comparisons of calculated versus measured temperature
during the reflood period could not be made. Nevertheless, measurements of the rate of hydrogen
production indicated that an acceleration in oxidation occurred during the reflood period of these tests, and
thus the calculated increase in the rate of heatup was consistent with experiment results.

3.2 Calculation of Hydrogen Production

The MOD3.3 calculation of hydrogen production was generally in good agreement with the
measured hydrogen production. Comparisons of calculated and measured hydrogen production are shown
in Table 3-1 for the nine experiments for which hydrogen production was measured. MOD?3.2 calculations
are also shown in order to evaluate the affect of the improvements implemented into MOD3.3. The
MOD3.3 calculated hydrogen production was less than the measured hydrogen production for four of the
tests, greater than the measured hydrogen production for two of the tests, and within the measured
uncertainty in hydrogen production for the other tests. The deviations in calculated hydrogen production
ranged from being 50% too large for the PBF SFD 1-1 test to 15% too small for the PHEBUS FPTO test.
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Figure 3-12. Comparison of calculated and measured temperatures at 0.5 m elevation for PBF SFD ST

test.
3000.0 . .
Failure of measurement
Measured
L Calculated, MOD3.3 |
———— Calculated, MOD3.2
3 20000 = pissolution of U0, //
% Melting of cladding
©
(0]
Q
€
(0]
= 1000.0
Start of reflood
0.0 ! ' !
3000.0 3500.0 4000.0 4500.0 5000.0
Time (s)

Figure 3-13. Comparison of calculated and measured temperatures of unheated fuel rod at elevation of
0.55 m for CORA-13 test.
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Table 3-1. Comparison of calculated and measured hydrogen production.

SCDAP/RELAP5-3D/2.2

Hydrogen production (g)
Experiment Measured MOD3.3 MOD3.2
Pre-reflood Total Pre-reflo Total Pre-reflo Total
od od

FLHT-5 - 300 = 30 - 231 - 265
PBF SFD ST - 150 + 35 98 125 121 121
PBF SFD 1-1 - 64 £ 7 - 105 - 94
PBF SFD 1-4 - 86 £ 12 - 82 - 94
CORA-7 - 114 - 91 - 79
CORA-13? 97 161 78 158 145 175
PHEBUS B9+ - 39 - 46 - 49
PHEBUS FPTO - 90 - 77 - 63
ACRR DF-4 40 - 29 - -
a. Estimated hydrogen production from oxidation of structures above the test fuel rods was subtracted
from the measured hydrogen production to obtain estimate of measured hydrogen production from oxi-
dation only of structures within the heated elevation interval of the test.

3.3 Model for Ballooning of Fuel Rod Cladding

The assessment of the MOD3.3 model for the ballooning and rupture of fuel rod cladding showed a
possibility for improvement of this model. The results of the assessment of this event in severe accident
early-phase damage progression are summarized in Table 3-2. Only a few of the experiments provided
information on the timing of cladding rupture. For the FLHT-5, PBF SFD ST and PHEBUS FPTO tests, the
calculated and measured times of cladding rupture and temperature at rupture were in fairly good

agreement. For the PBF SFD 1-1 test, the calculated time of cladding rupture was significantly later than
the measured time of cladding rupture. For the PBF SFD 1-4 test, the calculated time of cladding rupture
was significantly earlier than the measured time of cladding rupture.
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Table 3-2. Comparison of calculated and measured ballooning behavior of fuel rods.

Rupture temperature Time of cladding rupture
Test Measured MOD3.3 Measured MOD3.3
) ) (s) (s)
FLHTS5 19502 1900 1010 1230
PBF SFD ST 1150 - 1200 1050 5850 - 6260 6015 - 6385
PBF SFD 1-1 1538 - 1632 1785 - 1798 1150 - 1280 1785 - 1795
PBF SFD 1-4 1720 - 1900 1360 - 1530 1300 - 1600 1100 - 1150
FPTO 973 1060 - 1070 - 7350 - 7410
a. Since the coolant pressure was greater than the internal gas pressure, the cladding failed by
compression instead of by ballooning.

3.4 Models for Oxidation and Meltdown Using PIE Results

The integral diffusion model for oxidation and the stress-based model for breach of the cladding oxide
layer in MOD3.3 contributed to a significant improvement in the calculated oxidation and meltdown of fuel
rod cladding. The comparison of calculated and measured axial distribution in oxidation of fuel rod cladding
provided a basis for assessing these models. The timing of cladding slumping is as important of a factor in
determining the total extent of oxidation of the cladding as the rate of oxidation. The calculated and
measured axial distribution cladding oxidation are compared in Table 3-3 for the six severe fuel damage tests
for which this information was available. The calculations of both MOD3.3 and MOD?3.2 are shown in the
table. In this table, elevation is expressed as fractional height, wherein a fractional height of 0.85 indicates
the elevation of the point located the distance of 85% of the height of the fuel pellet stack above the bottom
of the fuel pellet stack. As shown in Table 3-3, the almost complete oxidation of the upper half of the
cladding of the test fuel rods occurred for the three tests involving a slow boiloff of coolant or a slow heatup
in steam flow, namely FLHT-5, PBF SFD ST, and PHEBUS B9+. For these tests, the calculated and
measured fraction of oxidation are in good agreement. Only a small amount of slumping of the metallic part
of the cladding was measured to occur for these tests, and only a small amount of slumping of the metallic
part of the cladding was calculated to occur. For the PBF SFD 1-1 test, PBF SFD 1-4 test, and CORA-13 test,
the extent of oxidation of the cladding in the upper half of the test fuel rods was limited by meltdown of the
cladding and the extent of oxidation of the lower part of the test fuel assembly was accelerated by the
meltdown of the cladding. MOD3.2 tended to overpredict the extent of oxidation in the upper half of the test
fuel rods and underpredict the extent of oxidation of the fuel rod cladding in the lower half of the test fuel
rods. While the MOD3.3 calculations of the axial distribution in oxidation for these three tests was not in
close agreement with the measured results, nevertheless the MOD3.3 calculations were an improvement over
the MOD?3.2 calculations. For example, at the fractional elevation of 0.85 for the PBF SFD 1-4 test, the
measured, MOD3.3 calculated, and MOD?3.2 calculated values of fraction of cladding oxidation were 0.22,
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0.24, and 0.86, respectively. For a second example, at the fractional elevation of 0.45 for the CORA-13
test, the measured, MOD3.3 calculated, and MOD3.2 calculated values of fraction of cladding oxidation
were 1.0, 1.0, and 0.10, respectively. For a third example, at the fractional elevation of 0.25 for the PBF
SFD 1-4 test, the measured, MOD3.3 calculated, and MOD3.2 calculated values of fraction of cladding
oxidation were 1.0, 0.63, and 0.11, respectively. The better agreement of calculations with measurements
was achieved primarily due to implementation of the following models into MOD3.3; (1) integral diffusion

model for oxidation, (2) stress-based model for breach of the cladding oxide layer, and (3) model for

re-slumping of previously frozen slumped material.

Table 3-3. Comparison of calculated and measured axial distribution in fuel rod oxidation

Elevation Fraction of cladding oxidized
(Fractional height) FLHT-5 PBF PBF PBF CORA-1 | PHEBUS

SFD ST | SFD 1-1 | SFD 1-4 3 B9+

0.85 Measured 1.0 1.0 0.202 0.222 -<1.0 -

MOD3.3 1.0 1.0 0.16% 0.24% 0.30? -

MOD?3.2 - - 0.34 0.86 0.432 -
0.75 Meas. 1.0 1.0 0.112 0.372 1.00 0.75
MOD3.3 1.0 1.0 0.18%2 0.222 0.302 0.90
MOD3.2 - - 0.46 0.26% 0.202 0.52
0.65 Meas. 1.0 1.0 0.45 - 1.00 1.00
MOD3.3 0.432 1.0 0.252 0.33 1.00 0.99
MOD3.2 - - 0.38 - 0.36% 1.00
0.55 Meas. 1.0 1.0 - <0.30? 1.00 0.70
MOD3.3 1.0 1.0 0.362 0.67 1.00 1.00
MOD3.2 - - - 0.37 0.162 1.00
0.45 Meas. 1.0 1.0 0.65 - 1.00 0.40
MOD3.3 1.0 1.0 0.382 0.68 0.69 0.70
MOD3.2 - - 0.36 - 0.102 0.86
0.35 Meas. 1.0 1.0 0.25 0.502 0.60 0.25
MOD3.3 0.97 1.0 0.78 0.67 1.00 0.49
MOD3.2 - - 0.16 0.52 0.70 0.71
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Table 3-3. Comparison of calculated and measured axial distribution in fuel rod oxidation

Elevation Fraction of cladding oxidized
(Fractional height) FLHT-5 PBF PBF PBF CORA-1 | PHEBUS

SFD ST | SFD 1-1 | SFD 1-4 3 B9+

0.25 Meas. 0.0 1.0 1.00 1.00 0.07 0.10
MOD3.3 0.04 0.03 0.80 0.61 1.00 0.30

MOD3.2 - 0.51 0.11 0.43 0.21

0.15 Meas. 0.0 0.03 1.00 1.00 0.0 0.03
MOD3.3 0.0 0.0 0.01 0.03 1.00 0.07

MOD3.2 - - 0.0 0.02 0.17 0.06

0.05 Meas. 0.0 0.0 0.60 0.10 0.0 0.0
MOD3.3 0.0 0.0 0.01 0.0 0.03 0.02

MOD3.2 - - 0.0 0.0 0.21 0.02

a. Metallic part of cladding slumped.

3.5 Conclusions

The assessment of MOD3.3 showed that its calculations of fuel rod behavior during severe accident
conditions were in general agreement with measured behavior. The assessment was performed using
various results from a wide range of severe fuel damage tests. The MOD3.3 calculations of fuel rod
meltdown and the axial distribution in fuel rod oxidation were significantly improved over MOD3.2
calculations. MOD3.2 tended to overpredict the extent of oxidation of fuel rod cladding in the upper part of
a fuel assembly due to the lack of a model for the dissolution of the oxide layer in a steam-starved region.
MOD3.2 also tended to underpredict the extent of oxidation of fuel rod cladding in the bottom part of a
fuel assembly due to the lack of a model to calculate the re-slumping of previously slumped cladding and a
tendency to underpredict the rate of oxidation in a steam-rich region. The MOD3.3 calculations of the
behavior of fuel assemblies under reflood conditions was also improved over the MOD3.2 calculations.
The improvements in the calculation of fuel assembly meltdown, axial distribution in oxidation, and
reflood behavior were the result of implementing the following models into MOD?3.3; (1) integral diffusion
model for oxidation and dissolution, (2) model for calculating the timing of failure of an oxide layer that is
based on stress and accounts for the affect of oxide dissolution on stress, (3) model for re-slumping of
previously slumped cladding, and (4) models for cracking of oxide layer during reflood conditions and
affect of cracking on oxygen transport.
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4. Assessment of Late-Phase Models

This section summarizes the assessment of models implemented into MOD3.3 for improving the
code’s calculation of the behavior of a reactor core during the late-phase of a severe accident. Five models
were implemented into MOD3.3 for this purpose; (1) model for flow losses in porous debris, (2) model for
heat transfer in porous debris, (3) model for heat transfer from molten pool that has stratified into oxidic
and metallic parts, (4) model for flow of liquefied core plate material through porous debris in the lower
head of the reactor vessel, and (5) model for break-up of jets of molten core material penetrating into a
pool of water in the lower head. These five models were assessed using experimental results and numerical
solutions available from the literature. Appendices A8 through A1l describe in detail the assessment of
these five models. These models along with the early-phase models were also assessed by calculating the
TMI-2 accident, which is presented in Appendix A12. Models in MOD3.3 for heat transfer from a
homogeneous molten pool and for structural failure of the crust supporting a molten pool are the same as in
MOD3.2, so these models were not assessed for MOD3.3. The assessments of these models are described

in the developmental assessment report for MOD3.2.4!

A summary of the assessment of the five late-phase models implemented into MOD3.3 and the
TMI-2 calculation are summarized in the following sections of the report. The assessment of the models
for flow loss and heat transfer in porous debris is described in Section 4.1. The assessment of the model for
heat transfer from a stratified molten pool is described in Section 4.2. The assessment of the model for
flow of liquefied material through porous debris is described in Section 4.3. The assessment of the model
for break-up of jets of slumping molten material is described in Section 4.4. The assessment of the code
using benchmarking data obtained during and after the TMI-2 accident is described in Section 4.5.
Conclusions are presented in Section 4.6 and the references are presented in Section 4.7.

4.1 Models for Flow Loss and Heat transfer in Porous Debris

The models for flow loss and heat transfer in porous debris were assessed by comparisons of
SCDAP/RELAPS5/MOD3.3 calculated thermal hydraulic behavior of debris with measurements and the
calculations of benchmarked models presented in the literature. The details of the assessment are described
in Appendix AS.

The assessment of the flow loss models showed that MOD3.3 is calculating in an acceptable manner
the flow losses in porous debris. The MOD3.3 flow loss models were assessed by comparing MOD3.3
calculated flow losses with the calculated flow losses of other benchmarked models. A schematic of a
system analyzed for the assessment is shown in Figure 4-1. The system consisted of a 1-m deep bed of
porous debris with a porosity of 0.4 and particles with a diameter of 3 mm. The assessment was performed
for coolant conditions ranging from subcooled liquid to superheated steam. The assessment included
coolant conditions involving an axial distribution in two-phase coolant conditions typical of a covered
debris bed resulting from a severe accident in a LWR.42? A summary of the assessment of the flow loss
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models is shown in Table 4-1. For all the cases analyzed, the coolant pressure was 6.9 MPa. The MOD3.3
calculated flow losses are in approximate agreement with the values calculated by benchmarked models.

Table 4-1. Comparison of SCDAP/RELAPS5 calculated flow losses for porous debris with those
calculated by other benchmarked models

Superficial
velocity at
bottom of bed

Pressure drop due to flow
losses (Pa)
Coolant conditions

Benchmarked
(m/s) MOD3.3 model 42 43
superheated steam 0.132 1.03x103 1.14x10°
subcooled liquid 1.39x1072 1.00x10° 1.28x10°
two-phase water in debris bed with 1.47x1072 10.6x10°3 12.6x103
internal heat generation

Fluid leaving debris bed

X Insulated, rigid surface
O /

Debris with porosity of 0.4
and particle diameter of 3 mm

A A A <+——— Defined fluid velocity

Figure 4-1.Schematic of debris bed analyzed for assessment of flow loss calculations.
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The MOD3.3 modeling of heat transfer in porous debris was assessed using the results of a BNL
debris experiment involving the quenching from the bottom of a hot and porous debris bed.** During this
experiment, measurements were obtained of the transient temperature at various locations within the debris
bed. Since the transient temperatures were a function of flow losses, this experiment in an indirect manner
also provided an assessment of flow loss models. A schematic of the experiment is shown in Figure 4-2.

\ o
<T).108 m
Fixed screen—[> - 6} %_O_ / Heated stainless steel tube
Qo)
0O
© 0 0o
e o Stainless steel spherical particles;
©e0g diameter = 3.175 mm
00 O‘ porosity = 0.39
0.422 m O o initial temperature = 775 K
' O
©e O
@ 0o
©0 e
0o
Fixed screenL - C% AC% % Water:
velocity = 4.42 mm/s
pressure = 0.1 MPa
temperature = 373 K

4
=5

Figure 4-2. Schematic of BNL quenching experiment.

The calculated transient temperatures in the debris bed were in general agreement with the measured
transient temperatures. The calculated and measured transient temperatures at the elevations of 0.025 m
and 0.24 m are compared in Figure 4-3. The elevation of 0.025 m is near the bottom of the debris bed,
where reflood began, and the elevation of 0.24 m is slightly above the midplane of the debris bed. The
overprediction of the temperature at the 0.24 m elevation in the period of 40 s to 50 s is considered to be
due to two-dimensional hydrodynamic behavior, wherein the liquid phase moved up along the wall,
formed a pool at the top, and then some of the water flowed down the center region of the debris bed. Since
such behavior is not expected in a debris bed resulting from a severe accident in a LWR due to the much
larger size of such a debris bed and due to such a debris bed not having cold walls, the calculated and
measured temperature comparisons indicate that MOD?3.3 is calculating in an acceptable manner the heat
transfer in porous debris.

4-3 INEEL/EXT-02-00589-V5-R2.2



SCDAP/RELAP5-3D/2.2

800.0 . T .
700.0 Tt . -
'\\ i
g \
o 600.0 Mo 7
:3: o |
E F |
Q —— Calculated,0.025 m A
g 500.0 ~— Measured,0.025 m Py N
[ — — - Calculated,0.24 m~ vt
~— -~ Measured,0.24 m | 1
400.0 _
300.0 : ' :
0.0 50.0 100.0
Time (s)

Figure 4-3. Comparison of calculated and measured transient temperature distribution in debris bed

4.2 Model for Heat Transfer In Stratified Molten Pool

The model for heat transfer in a stratified molten pool was assessed by comparing its steady state

calculations with those of a model*> benchmarked using the results of experiments with simulant
materials. The model was also assessed for internal consistency by examining its calculations of the
transient analysis of a stratified molten pool. The lack of experimental data for LWR materials and
geometry excluded the assessment of the model by direct comparison with experimental results. A detailed
description of the assessment is described in Appendix A9.

A schematic of the system analyzed for assessment purposes is shown in Figure 4-4. The system
consisted of a lower head of a reactor vessel containing a pool of molten reactor core material. The lower
head was submerged in a pool of water. The lower oxidic part of the molten pool was composed of a
mixture of UO, and ZrO, with a liquidus temperature of 3000 K. The upper metallic part of the molten

pool was composed of stainless steel with a liquidus temperature of 1630 K. The oxidic part of the molten

pool had a volumetric heat generation rate of 1.4 MW/m?> and the metallic part did not have any internal
heat generation. No heat transfer was assumed to occur from the top surface of the metallic pool. The
boundary conditions and the liquidus temperatures were fixed to these values in order to be consistent with
the calculations of the benchmarked model with which the MOD3.3 model was being compared.

The MOD3.3 calculated steady state heat transfer behavior was similar to that calculated by the

benchmarked model. The MOD?3.3 and the benchmarked model calculations for the heat transfer from the
stratified molten pool are compared in Table 4-2. The elevation on the external surface of the lower head
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Centerline of reactor vessel

|
/_ Adiabatic surface

Molten metallic
layer

Lower head of
reactor vessel

Molten oxidic pool

Frozen oxidic material

Figure 4-4.Molten pool -system analyzed for assessment of MOD?3.3 models for heat transfer in stratified
molten pool.

with the minimum margin to CHF may be the location with the maximum heat flux from the molten pool
to the lower head. For stratified molten pools, the maximum heat flux into the lower head generally occurs
near the interface of the metallic pool with the lower head; so the most important result in the calculations
is the sideward heat flux into the lower head at this elevation. The MOD3.3 and the benchmarked model

calculations for the sideward heat flux at this interface were 0.66 MW/m? and 0.55 MW/m?, respectively.
Several other aspects of heat transfer behavior are also compared in Table 4-2. The MOD3.3 and
benchmarked model calculations of the heat flux into the lower head at the elevation of the interface of the

oxidic and metallic molten pools were 0.83 MW/m? and 0.77 MW/m>, respectively. Both models
calculated that this elevation was the elevation of the maximum heat flux into the lower head from the
molten pool. The MOD3.3 and the benchmarked values of the bulk temperature of the oxidic part of the
molten pool were 3102 K and 3110 K, respectively. The MOD3.3 and benchmarked model calculations for
the thickness of the crust on top of the molten pool were 3.7 mm and 5.5 mm, respectively.

Table 4-2. Comparison of SCDAP/RELAP5/MOD3.3 and benchmarked model calculations for heat
transfer behavior of stratified molten pool with deep metallic layer.

Aspect of heat transfer MOD3.3 Benchmarked
model
Sideward heat flux of metallic pool (MW/m?) 0.66 0.55
Sideward heat flux at elevation of interface of oxidic and 0.83 0.77
metallic pools (MW/m2)
Downward heat flux at bottom center of oxidic pool (MW/m?) 0.06 0.13
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Table 4-2. Comparison of SCDAP/RELAP5/MOD3.3 and benchmarked model calculations for heat
transfer behavior of stratified molten pool with deep metallic layer.

Aspect of heat transfer MOD3.3 Beni‘ﬁi{ked
Bulk temperature of oxidic pool (K) 3102 3110
Bulk temperature of metallic pool (K) 1691 1680
Thickness of crust on top of metallic pool (mm) 3.7 5.5

MOD3.3 and the benchmarked model also calculated similar heat transfer for a molten pool with a
shallow metallic layer. For the case of a shallow metallic pool, the depth of the metallic pool was 0.22 m
instead of 0.80 m and the depth of the oxidic pool was 1.18 m instead of 1.60 m. The other parameters
were the same as for the deep metallic pool case. The MOD3.3 and benchmark model calculations for this
case are compared in Table 4-3. Both models calculated a significantly greater heat flux into the lower
head from the metallic pool for this case than for the case of a deep metallic pool. The MOD3.3 and

benchmarked model calculations for this heat flux were 1.91 MW/m? and 1.22 MW/m?, respectively.

Table 4-3. Comparison of SCDAP/RELAP5/MOD3.3 and benchmarked model calculations for heat
transfer behavior for case of shallow metallic pool

Aspect of heat transfer MOD3.3 Beni‘ﬁi{ked
Sideward heat flux of metallic pool (MW/mz) 1.91 1.22
Sideward heat flux at elevation of interface of oxidic and 0.55 0.50
metallic pools (MW/m2)
Downward heat flux at bottom center of oxidic pool (MW/mZ) 0.04 0.14
Bulk temperature of oxidic pool (K) 3080 3086
Bulk temperature of metallic pool (K) 1799 1736
Thickness of crust on top of metallic pool (mm) 4.6 6.2

A temporary decrease in the margin to CHF may occur during the transition of a molten pool from
the condition of being well-mixed to being stratified. The MOD3.3 transient analysis of a well-mixed
molten pool that switches to a stratified molten pool was performed for the case of a molten pool with a
deep metallic pool after stratification. Except for being initially well-mixed, the molten pool parameters
were the same as for the case presented in Table 4-2. The molten pool was assumed to be well-mixed for
the first 2000 s of the analysis. At 2000 s, the metallic part of the molten pool was assumed to segregate
from the oxidic part and form a metallic pool on top of the oxidic pool. The MOD?3.3 calculated transient
temperatures of the oxidic and metallic parts of the molten pool are shown in Figure 4-5. After segregation,
the metallic pool was calculated by MOD3.3 to cool from 2970 K to 1690 K in about 500 s. The margin to
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CHF on the external surface at the elevation of the metallic pool was calculated to be a minimum at the
time about midway through the cool down period of the metallic pool. Figure 4-6 is a plot as a function of
time of the MOD3.3 calculated ratio of heat flux to critical heat flux for the external surface of the lower
head at the elevation of the interface of the oxidic and metallic parts of the molten pool. As shown in the
figure, at the instant of stratification, the heat flux ratio was calculated to be 0.26. After stratification, the
heat flux ratio was calculated to increase to 0.33 in 320 s, and then gradually decrease to a steady state

value of 0.26. MOD3.3 applied the Cheung model*® for the critical heat flux model for the external
surface of the lower head.

4000.0 T T | T I T I T
- T Stratification of molten pool
3000.0 /’ki —
< Oxidic pool —
[
3
© 2000.0 | _
[0
Q.
E L
()
|_
1000.0 L Metallic pool
Oxidic material
Metallic material
00 1 | 1 | | | | | 1
0.0 1000.0 2000.0 3000.0 4000.0 5000.0

Time (s)

Figure 4-5. Temperature histories of oxidic and metallic parts of molten pool before and after
stratification.

4.3 Model for Flow of Liquefied Material Through Porous Debris

The assessment of the model for flow of liquefied core plate material through porous debris indicated
that this model was functioning in MOD3.3 in an acceptable manner. No experimental results or
calculations of a benchmarked model were available for assessment. So the assessment was limited to a
test of the operation of the model and to an evaluation of the internal consistency of the model and the
reasonableness of its calculations. A detailed description of the assessment is presented in Appendix A10.

The assessment was performed by analysis of a system composed of porous debris with liquefied
core plate material permeating through the porous debris. The porous debris was supported by the lower
head of a reactor vessel. A schematic of the system analyzed is shown in Figure 4-7. The porous debris bed
had a porosity of 0.4 and was composed of UO, particles with a diameter of 3 mm. The debris bed had a

volumetric heat generation rate of 1 MW/m?>. The depth of the debris bed along the center line of the
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Figure 4-6. Ratio of heat flux to critical heat flux on external surface of lower head before and after
stratification of molten pool.

reactor vessel was 0.9 m and its initial temperature was 1727 K. The core plate above the debris bed was
melting due to heat transfer by radiation from the top surface of the debris bed. The core plate was
composed of stainless steel and had a mass of 25,000 kg. The outer surface of the lower head supporting
the debris bed was in contact with a pool of water. The dashed lines in Figure 4-7 represent the finite
elements and control volumes used in the numerical solution to represent the debris, lower head, and the
core plate material permeating through the debris.

The melted core plate material was calculated to permeate to within 0.05 m of the bottom surface of
the lower head and then freeze. The distribution of core plate material within the debris bed along its center
line at the time of 1500 s, when 30% of the core plate had melted, is shown in Figure 4-8. The temperature
distribution in the debris bed is also shown in Figure 4-8. The debris near the inner surface of the lower
head was calculated to be significantly cooler than the debris located several cm above the inner surface.
The permeating core plate material was calculated to be blocked by a frozen crust of previously frozen core
plate material. The crust caused a region saturated with core plate material to accrete near the inner surface
of the lower head.

The permeating core plate material was calculated to not significantly decrease the margin to CHF at
the external surface of the lower head. The MOD?3.3 calculated ratio of heat flux to critical heat flux for the
external surface of the lower head at its bottom center is shown in Figure 4-9. The critical heat flux was
calculated using the Cheung model.*® The figure also shows the heat flux ratio for the case of no core
plate material permeating through the debris bed. At 2500 s, the heat flux ratios for the case of permeating
core plate material and no permeating material were 0.18 and 0.16, respectively. If the core plate material
had permeated to the inner surface of the lower head, the heat flux ratio may have increased significantly
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Figure 4-7 Schematic of system analyzed and nodalization of system for calculation of melted material
flowing through porous debris.

due to filling in of voids at the interface of the debris and lower head. The effective thermal conductivity of
the region saturated with core plate material was a factor of four greater than that for a region with no core
plate material. This increase in effective thermal conductivity was the main contributor to the increase in

heat flux ratio.

4.4 Model for Molten Fuel-Coolant Interaction

The assessment of the Fuel-Coolant Interaction (FCI) model in MOD3.3 indicated that this model was
representing the basic features of FCI and possibly needs improvements for representation of some of the
finer features of FCI. The model was assessed using the results of two FCI experiments and by testing the
operation of the model in the context of severe accident analysis. A detailed description of the assessment is
presented in Appendix A11. The model has application to the calculation of the extent of break-up of jets of
molten material slumping from the core region into a pool of water in the lower head of the reactor vessel.
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Figure 4-8. Distribution of debris bed saturation and temperature after melting of 30% of core plate (time
of 1500 s).
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Figure 4-9Ratio of heat flux to CHF on external surface at bottom center of lower head.

The extent of break-up has a significant influence on the rate of heat transfer from the slumped material to
the fluid in contact with it. The extent of break-up also has an influence on the rate of heat transfer from the
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slumped material to the lower head supporting the slumped material.

The MOD3.3 calculated transient pressure in a vessel with FCI was in general agreement with the

t*7obtained a measurement of the transient

measured transient pressure. The FARO L-08 experimen
pressure in a vessel in which FCI occurred. This experiment was used to assess the FCI model in MOD 3.3.
A schematic of this experiment is shown in Figure 4-10. In this experiment, a molten mixture of 80 wt%

UO, and 20 wt% ZrO, was injected into a 1.0 m deep pool of water at an initial temperature of 536 K and

a subcooling of 10 K. The initial pressure in the test vessel was 5.8 MPa. The MOD3.3 calculated and
measured pressure history in the reactor vessel are compared in Figure 4-11. The calculated and measured
pressure histories in the test vessel are similar in shape but the calculated rate of increase of pressure is
about 50% greater than the measured rate of increase in pressure. The maximum calculated increase in
vessel pressure was about 12% greater than the measured maximum increase in pressure. The MOD 3.3
calculated and measured extents of break-up of the jet of slumping material were 70% and 68%,
respectively. The MOD3.3 calculated and measured maximum increases in temperature of the bottom plate
of the test vessel on which the slumped material settled were 275 K and 352 K, respectively.

Molten material

Nozzle with
hinged-flap
i for release
253 m
Water
1.0m
Debris catcher

-g§—— Bottom plate

Figure 4-10. Schematic of FARO Test Arrangement.

A significant discrepancy in the MOD3.3 calculation was the calculated size of the particles resulting
from FCI; the MOD3.3 and measured calculated sizes of particles were 0.56 mm and 3.8 mm, respectively.
One reason for this discrepancy may be the use of an incorrect value for the interfacial tension of a mixture
of UO, and ZrO, in contact with water and steam. The particle size is calculated to be proportional to this
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Figure 4-11. Comparison of calculated and measured pressure histories for FARO Test L-08.

material property for which there is large amount of uncertainty in value.
4.5 TMI-2 Accident

The TMI-2 accident involved a wide range of damage progression and thus is useful for assessing
severe accident computer codes. The damage progression included; (1) ballooning of fuel rods, (2) intense
oxidation and rapid heatup to temperatures that melted a part of the reactor core, (3) reflood of a hot,
partially oxidized core, (4) formation of a molten region across the entire diameter of the reactor core, and
(5) slumping of a significant amount of molten material to the lower head.*8 During and following the
TMI-2 accident, measurements and analyses based on measurements have provided a basis for a
quantitative assessment of some of the most important variables calculated by a severe accident computer
code. These variables include the increase in primary coolant system pressure following reflood of a hot
core, cumulative hydrogen production before and after reflood of a hot and partially oxidized core,
maximum mass of molten material and its location within the reactor core, and timing of slumping of
molten material from the core region to the lower head. Since most of the processes causing damage
progression are interdependent, these limited number of measurements and values inferred from
measurements provide a basis for assessing most of the damage progression models in the SCDAP/
RELAP5/MOD3.3 code. The detailed description of the assessment of MOD3.3 using data from the TMI-2
accident is presented in Appendix A12.

The MOD3.3 calculation of the progression of damage in the TMI-2 reactor during its severe
accident was in general agreement with the measurements of damage progression and the post-accident
observation of the state of the reactor core. Table 4-4 summarizes the comparison of calculated and
measured damage progression. The MOD3.2 calculations of the TMI-2 accident are also included in this

INEEL/EXT-02-00589-V5-R2.2 4-12



SCDAP/RELAP5-3D/2.2

table. After core uncovery was calculated to occur at 6270 s, core damage was calculated to occur quite
rapidly. Cladding failure due to ballooning was calculated by MOD3.3 to begin at 8445 s. MOD3.2
calculated cladding failure to be due to chemical attack by the Inconel spacer grids and to not occur until
9418 s. After cladding failure, double-sided oxidation of the cladding was calculated by MOD3.3 to occur
in the vicinity of the cladding failure. The melting of fuel and the formation of a molten pool were
calculated by MOD3.3 to begin at 9530 s. MOD3.2 calculated molten pool formation to begin at 10,330 s.
The start-up of the 2B-pump at 10,446 s was calculated by both MOD3.3 and MOD3.2 to cause a rapid
increase in the pressure of the primary coolant system and to accelerate the rate of hydrogen production.
These calculations are in agreement with the measurements. MOD3.3 calculated 15,000 kg of molten
material in the core region at the start of the 2-B pump and 27,600 kg of molten material in the core just
before the slumping of core material to the lower head at 12,890 s. MOD3.2 calculated 1734 kg of molten
material in the core region at the start-up of the 2B-pump and 37,400 kg of molten material in the core just
before the slumping of core material to the lower head at 13,379 s. The post-accident examination of the
TMI-2 reactor indicated that 40,800 kg of the reactor core was molten at some time. Inferences from the
measured system pressure and other measurements indicated that 15,800 kg of molten material slumped to
the lower head at 13,500 s. Both the MOD3.3 and MOD3.2 calculated masses of molten material and the
time of slumping are in general agreement with the measured values.

The MOD3.3 calculated location of molten core material was in good agreement with the
post-accident observation of the TMI-2 reactor. The elevations of the bottom surface of the in-core molten
pool at the center line of the core were calculated and observed to be 1.10 m and 0.71 m, respectively. The
highest location in the core to become molten was calculated to be 2.9 m and to be located along the center
line of the core. The molten pool was calculated to extend in the radial direction from the center line of the
reactor vessel to the periphery of the reactor core. The bottom surface of the molten pool at the periphery
of the core was calculated by MOD3.3 to be at the elevation of 2.2 m. These calculated results were in
agreement with the post-accident observation of the TMI-2 core.

Table 4-4. Calculated timing and sequence of core damage progression.

Damage progression M?asured MOD3.2 MOD3.3
parameter or inferred

Beginning of long term core - 6,390 6,270
uncovery (s).
Beginning of cladding failure due to - 9,417 8,445
ballooning (s).
Beginning of spacer grid slumping - 9,418 9,112
().
Beginning of molten pool (s). - 10,330 9,530
Cumulative hydrogen production at 300 275 365
start-up of 2B-pump at 10,446 s
(kg).
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Table 4-4. Calculated timing and sequence of core damage progression. (Continued)

Damage progression Measured

. MOD3.2 MOD3.3
parameter or inferred

Primary coolant system pressure at 820 5.03 6.96
start-up of 2B-pump (MPa).

Mass of molten material at start-up - 1734 15,000
of 2B-pump (kg).

Increase in primary coolant system 6.30 521 7.00
pressure after start-up of 2B-pump
(MPa).

Final cumulative hydrogen 460 453 417
production (kg).

Mass of core material that was 40,800 37,400 27,600
molten during some period of
accident (kg).

Elevation of bottom of molten 0.71 1.46 1.10
region relative to bottom of core

(m).

Smallest distance from side of 0.0 0.0 0.0
molten pool to periphery of core

(m).

Time at which bulk of material in 13,500 13,379 12,890
molten material slumped to lower
head (s).

Mass of molten material that 15,800 37,400 27,600
slumped to lower head (kg).

Percent of molten material that 39 100 100
slumped to lower head (%).

MOD3.3 calculated severe core damage to begin about 800 s earlier than MOD3.2. The onset of
melting of the reactor fuel and the beginning of molten pool formation is a mark of the beginning of severe
core damage. The timing of damage progression is indicated by plots of the history of the maximum
temperature in the reactor core and of the effective radius of the molten pool, as shown in Figures 4-12 and
4-13, respectively. The effective radius is the radius of a hemisphere with a volume equal to the calculated
volume of molten material. The MOD3.3 and MOD3.2 calculated timings for the beginning of fuel melting
were 9530 s and 10,330 s, respectively. MOD?3.3 calculated a significantly more rapid heatup of the reactor
core after the beginning of oxidation than did MOD?3.2. In the temperature range of 1800 K to 2200 K,
when rapid oxidation occurs, MOD3.3 calculated a heatup rate of nearly 50 K/s. The MOD3.2 calculated
rate of heatup in this range of temperature was significantly less than that calculated by MOD3.3. Both
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MOD3.3 and MOD3.2 calculated that activation of the 2B-pump at 10,446 s did not result in any reduction
in the maximum core temperature. A reduction in temperature was calculated to not occur because a
significant part of the core was in the form of a large molten pool and because of an increase in oxidation
of fuel rod cladding due to cracking of oxide layers and more flow of steam. The activation of HPIS at
12,012 s was calculated to not cause any cooling of the molten part of the reactor core. MOD?3.3 calculated
no further melting of fuel after 10,480 s (34 s after activation of 2B-pump), while MOD?3.2 calculated fuel
melting to occur until 13,000 s. MOD3.3 calculated the maximum effective radius of the molten pool to be
1.2 m. This value is in general agreement with the corresponding measured value of 1.4 m. When using a
special model for failure of an oxide layer retaining melted metallic cladding, MOD?3.2 also calculated the
amount of molten core material to be similar to the measured value. But when using the same oxide failure
model as used for the analyses of severe accident experiments, MOD3.2 underpredicted the amount of
molten material by a factor of two.

3000.0 . : ; :
— MOD 3.3 /
MOD 3.2
< Beginning of
° fuel melting Slumping of
3 20000 F molten material —
g to lower head
Q
S
2 L _
S
=}
£
s
£ 1000.0 -
% Start-up of HPIS
© L (12,000 s)
I Start-up of 2B-pump 1
(10,446 s)\
0 0 L | | | I

0.0 5000.0 10000.0 15000.0
Time (s)

Figure 4-12. History of calculated maximum temperature in reactor core.
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Figure 4-13. History of calculated effective radius of molten pool.
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The calculated hydrogen production was in general agreement with the hydrogen production
estimated from post-accident observations and inferences. The MOD3.3 calculated cumulative hydrogen
production is compared with the measured hydrogen production in Figure 4-14. The MOD3.2 calculated
hydrogen production is also shown in the figure. MOD?3.3 calculated the rapid production of hydrogen to
begin sooner than MOD3.2. Nevertheless, both the MOD3.3 and MOD3.2 calculations of hydrogen
production are in approximate agreement with the measured hydrogen production. At the start-up of the
2B-pump, the MOD3.2 and MOD3.3 calculations of cumulative hydrogen production were 275 kg and 365
kg, respectively. The measured hydrogen production at the start-up of the 2B-pump was 300 kg. The
MOD3.3 calculated and measured total hydrogen productions were 417 kg and 460 kg, respectively. The
MOD3.2 total hydrogen production was 453 kg. Both MOD3.3 or MOD3.2 calculated that no significant
amount of hydrogen production occurred 50 s after the start-up of the 2B-pump (10,500 s). Hydrogen
production was calculated to not occur after 10,500 s because the portions of the core with intact fuel rods
and some metallic cladding were too cool to rapidly oxidize. This behavior is shown in Figure 4-15, where
the MOD?3.3 calculated temperature histories are shown for the fuel rods in the outer most fuel assemblies
of the reactor core at the elevations of 3.11 m and 3.47 m, respectively. As shown in this figure, hydrogen
production at the 3.11 m elevation and at the 3.47 m elevation was calculated to stop due to the cooling
caused by the start-up of the 2B-pump. The oxide layer at these locations was calculated to be too thin to
crack during the reflood caused by start-up of the 2B-pump.

5000 T T T T T T T T T T T T T T
MOD 3.3 Measured —»® |
MOD 3.2
2 4000 -
C
RS L 4
g Measured
° Ve
© 300.0 - 7
o
C
() L 4
(@]
o
IS8
2 200.0 .
()
=
© i Start-up of ]
2 HPIS (12,000 s)
3 100.0 ™ Start-up of N
2B-pump
- (10,446 s) 1
0% L ) ) ' i ! 1 I ! 1 | 1 1 i
7000.0 9000.0 11000.0 13000.0 15000.0
Time (s)

Figure 4-14. Calculated hydrogen production during TMI-2 accident.

The MOD3.3 calculation of the disintegration of fuel rods into porous debris was in agreement with
the post-accident observation of the locations in the reactor core with porous debris. Porous debris regions
were calculated to form in the outer most fuel assemblies in the elevation interval of 0.5 m to 1.2 m and
across the entire diameter of the reactor core in the elevation interval of 2.6 m to 3.6 m. The calculation of
porous debris in the elevation interval of 2.6 m to 3.6 m was consistent with the post-accident observation
of the state of the reactor core.
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Figure 4-15. MOD3.3 calculated temperature histories of fuel rods in upper part of outer most fuel
assemblies in reactor core.

The porous debris thermal hydraulic models in MOD?3.3 performed properly after activation of the
HPIS, which resulted in two-phase coolant conditions in porous debris in the upper part of the reactor core.
The calculated temperature history at a location with porous debris is shown in Figure 4-16. The plot
applies for the location 2.7 m in elevation and in the fourth ring of fuel assemblies. This location
disintegrated from intact fuel rods to porous debris soon after start-up of the 2B-pump, and thus was
porous debris at the time of start-up of HPIS. As a result, the flow losses and heat transfer at this location
during the reflood period beginning with the start-up of HPIS were calculated with the porous debris
thermal hydraulic models implemented into MOD3.3. The debris had a porosity of 0.46 and a particle
diameter of 3.5 mm. Since the molten pool was located below this location and blocked the upward flow of
water from the HPIS, the debris was flooded from the top down. The calculated temperature history of this
location following reflood of the reactor core beginning at 12,012 s was consistent with that seen in
experiments on the quenching of porous debris, as described in Appendix 8.

The implementation into MOD3.3 of the integral diffusion model for fuel rod oxidation caused it to
calculate a more rapid progression of damage to the reactor core than calculated by MOD3.2. The onset of
severe damage was calculated to begin at 9530 s by MOD3.3 and at 10,330 s by MOD3.2. This difference
is due to the integral diffusion model for oxidation in MOD3.3 calculating a more rapid heatup due to
oxidation at locations with a rich supply of steam than that calculated by the parabolic kinetics model for
oxidation in MOD3.2. These differences in calculated behavior also occurred in the analyses of severe fuel
damage experiments described in Appendices A2 through A4.
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Figure 4-16. MOD 3.3 calculated temperature history of location with porous debris (2.7 m elevation of
fourth ring of fuel assemblies).

The MOD3.3 calculation of the TMI-2 accident was improved by the implementation into MOD3.3
of the stress-based model for calculating the time of failure of an oxide layer retaining the melted metallic
part of the fuel rod cladding. While MOD?3.2 applied one model for failure of the oxide layer for analysis
of severe fuel damage experiments and another model for the analysis of the TMI-2 accident, MOD3.3
applied the same oxide failure model for analysis of severe fuel damage experiments and the TMI-2
accident. The calculations of the oxide failure model have a strong influence on the calculations of
hydrogen production and the extent of melting of fuel assemblies. With the stress-based model for
calculating oxide failure, MOD3.3 calculated hydrogen production and extent of melting in general
agreement with measurements for both severe fuel damage experiments and the TMI-2 accident. On the
other hand, when using the same oxide failure model for the TMI-2 analysis as used for analysis of severe
fuel damage experiments, MOD?3.2 underpredicted by a factor of two the extent of melting of the reactor
core, and did not predict any slumping of molten core material to the lower head.

Another difference in calculated reactor core behavior between MOD3.3. and MOD3.2 was in the
calculated ballooning and rupture of fuel rods; MOD3.3 calculated ballooning and rupture of fuel rod
cladding to occur significantly earlier than MOD?3.2. This difference in calculated behavior is due to
corrections made in MOD3.3 to the model for ballooning of the fuel rod cladding.
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4.6 Conclusions

The assessment of MOD3.3 showed that the five new models implemented into the code for
calculating the behavior of LWRs during the late-phase of a severe accident are fully operational and
extend the range of applicability of the code. The first two new models, namely the models for flow loss
and heat transfer in a porous debris, furnish MOD?3.3 with the capability to correctly calculate the blockage
to flow caused by the formation of porous debris and to calculate the temperature behavior of porous debris
for a wide range of coolant conditions. The third new model, namely the model for heat transfer from a
stratified molten pool, furnishes MOD3.3 with the capability to calculate the heat transfer from molten
pools that stratify into oxidic and metallic parts. This model calculated that stratification of a molten pool
decreases the margin to CHF on the external surface of a flooded lower head. The fourth new model,
namely the model for the flow of melted core plate material through porous debris in the lower head,
extends the range of application of the code to the situation in which the core plate is melting above a
porous debris bed. This model calculated that melted core plate material does not significantly decrease the
margin to CHF for a flooded lower head. The fifth new model, namely the model for the interaction of jets
of molten fuel with a pool of water in the lower head, calculated a transient pressure increase due to
fuel-coolant interaction in general agreement with the measured pressure increase.

The MOD3.3 calculation of the TMI-2 accident showed that its new models result in calculated
behavior of the reactor core and primary coolant system in general agreement with measurements and
post-accident observations. The new models that were an integral part of the MOD3.3 calculation of the
TMI-2 accident included; (1) integral diffusion model for oxidation of fuel rod cladding, (2) stress-based
model for failure of oxide layer containing melted metallic cladding, (3) cracking model for cladding oxide
layer during reflood conditions, and (4) porous debris thermal hydraulic models. The calculated and
measured behavior of the TMI-2 reactor during its accident are summarized as follows. The calculated and
measured hydrogen productions were 417 kg and 460 kg, respectively. The calculated and measured
masses of molten material in the core region were 27,600 kg and 40,800 kg, respectively. The calculation
of the locations of porous debris regions in reactor core was for the most part in agreement with the
observed locations of porous debris. The calculated temperature behavior of the porous debris was
consistent with temperature behavior expected during debris quenching. The calculated and measured
rapid increase in primary coolant system pressure following the start-up of the 2B-pump were in general
agreement. The calculated location of molten material in the core region and the timing of the slumping of
this molten material to the lower head were in general agreement with inferences from measurements and
the post-accident observation of the reactor core.

While MOD3.3 and MOD3.2 calculated similar final damage states for the TMI-2 reactor,
nevertheless the two versions of the code calculated transient aspects of behavior to be significantly
different. MOD?3.3 calculated damage progression in the reactor core to occur significantly more rapid than
MOD3.2. This difference is due to oxidation of fuel rod cladding in MOD?3.3 being calculated by the
integral diffusion model instead of by the parabolic kinetics model in MOD3.2. MOD3.3 calculated the
ballooning and rupture of fuel rod cladding to occur significantly earlier than MOD?3.2. This difference is
due to corrections to the ballooning model implemented into MOD?3.3. The stress-based model in MOD3.3
for the failure of an oxide layer retaining melted cladding resulted in good agreement of calculations with
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measurements for both the analysis of the TMI-2 accident and the analyses of severe fuel damage

experiments. On the other hand, MOD3.2 underpredicted the extent of core melting by a factor of two

when using for the TMI-2 analysis the same oxide failure model as used for the analyses of severe fuel

damage experiments. In the modeling of phenomena causing damage to fuel assemblies during severe

accident conditions, MOD3.3 does not require a distinguishing of models for the analyses of severe fuel

damage experiments from the models for the analyses of nuclear power plants; one set of models applies

for both types of analyses, and all of the models used for nuclear power plant analyses have been assessed

using severe fuel damage experiments.
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A1. BOILOFF IN BUNDLE

The Boiloff in Bundle test problem is used to assess the models for convective heat transfer and
coolant boil off. The assessment was performed by comparing the calculations of the temperature behavior
of a fuel assembly during coolant boiloff using the SCDAP fuel rod model with that calculated using a
previously benchmarked model.

The Boiloff in Bundle Test Problem requires for solution the steady-state heat transfer in a bundle of
fuel rods and then the transient uncovery of the bundle and transient heat up of the bundle in response to a
reduced rate of flow through the bundle. A schematic and the nodalization of the test bundle are shown in
Figure A1-1. The bundle consists of 32 identical fuel rods. The bundle is 0.9144 m in height. The fuel rods
in the bundle have an outer diameter of 9.63 mm and a pitch of 12.80 mm. Except for height, the design of
the fuel rods is typical of PWR fuel rods. The flow area of the bundle of fuel rods is equal to

3.685 x 1073 m?. The bundle of fuel rods is surrounded by an adiabatic boundary through which no flow of
heat occurs. The SCDAP/RELAPS code represented the fuel bundle as eight equally sized axial nodes and
eight equally sized hydrodynamic control volumes.

The bundle power was constant with time and equal to 58.5 KW. The bundle has a cosine shaped
axial power distribution. The peak power in the bundle was 1.33 times the axially averaged power and
occurs at an elevation of 0.46 m above the bottom of the fuel stack. The axial power profile of the fuel rod
bundle is shown in Table Al-1.
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Figure A1-1. Schematic of test problem and nodalization of fuel bundle.
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Table A1-1. Axial power profile in fuel bundle.

Elevation above bottom Axial power factor
of fuel stack (m)
0.0571 0.5941
0.1714 0.9406
0.2858 1.1881
0.4000 1.3267
0.5143 1.3267
0.6287 1.1881
0.7430 0.9109
0.8573 0.5248

The coolant condition history in the fuel bundle was designed to show calculated convective heat
transfer under steady-state pre-CHF conditions and then show transient convective heat transfer under the
conditions of a boil off of the coolant. The pressure in the bundle was constant and equal to 6.89 MPa. The
flow rate history at the inlet of the bundle is shown in Figure A1-2. The inlet flow rate was 1 kg/s in the
period of 0.0 s to 50 s, 0.1 kg/s in the period of 50 to 100 s, and zero from 100 s through the end of the
problem. The inlet temperature of the water was 558 K, which was equal to the saturation temperature at
the bundle pressure of 6.89 MPa.
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Figure A1-2. History of flow rate at inlet of bundle.
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The SCDAP modeling for convective heat transfer was assessed by using as a benchmark the

solution for the test problem obtained by representing the fuel bundle by RELAP5 heat structures.*!"! The
test problem was solved with the fuel bundle represented by RELAPS heat structures and twice with the
fuel bundle represented as SCDAP heat structures, once using the explicit calculation of coolant conditions
(Table 4 variable nhysol equal to 3) and once using the implicit calculation of coolant conditions (Table 4
variable equal to 7). The SCDAP calculation of convective heat transfer coefficients was assessed by
comparing the SCDAP calculated cladding surface temperature histories with those calculated using
RELAPS heat structures. The SCDAP calculation of the rate of coolant boil off was assessed by comparing
the SCDAP calculated histories of the liquid void fraction of the coolant in the bundle with those obtained
using RELAPS heat structures. The SCDAP convective heat transfer modeling was also checked using an
energy balance.

The calculated convective heat transfer coefficients through a range of two-phase coolant conditions
corresponding with coolant boil off were virtually identical for the two SCDAP models and the RELAPS
heat structure model. This evaluation is based on comparisons of the cladding surface temperature histories
as calculated by SCDAP and the RELAPS heat structure models. Figure A1-3 is a plot of the calculated
surface temperatures at the elevations of 0.40 m and 0.86 m above the bottom of the fuel stack. For the
0.86 m elevation, the explicit and implicit SCDAP models and the RELAPS heat structure model calculate
that film boiling begins at 107 s, which is 7 s after the time at which the fuel bundle inlet flow rate drops to
zero. After initiation of film boiling, all three models calculate an almost identical rate of heat up of the
cladding surface. This similarity in rate of heatup indicates that all three models are calculating almost
identical convective heat transfer. Similar results were obtained for the 0.4 m elevation. For this elevation,
all three models calculate that film boiling begins at 135 s. After film boiling occurs, all three models
calculate an almost identical rate of heat up. At 180 s, the calculated rate of heat up is 8.4 K/s.

The SCDAP explicit and implicit convective heat transfer models and the RELAPS heat structure
model calculate identical void fraction histories for the fuel bundle. Figure Al-4 shows plots of the
histories of the volume fraction of liquid at the elevations of 0.86 m and 0.40 m. In the period of 60 s to
100 s, the three models calculate a liquid volume fraction of 0.6 at the 0.86 m elevation and a liquid
volume fraction of 0.72 at the 0.40 m elevation. For the 0.86 m elevation, bundle uncovery is calculated to
begin at 101 s and is completed by 107 s. For the 0.40 m elevation, bundle uncovery is calculated to begin
at 124 s and is completed by 136 s.

The SCDAP convective heat transfer modeling results in an energy balance between fuel rod power
and heat transferred to the coolant. This energy balance was checked by comparing fuel rod power with the
calculated rate of heat transfer to the coolant. The nuclear heat generation rate at axial node 5 is 9,730 W.
The elevation span of this node is from 0.457 m to 0.572 m above the bottom of the fuel bundle. The heat
transfer rate to the coolant at this axial node is plotted in Figure A1-5. The heat transfer rate to the coolant
is also equal to 9,730 W until bundle uncovery occurs at 113 s. The two SCDAP convective heat transfer
models and the RELAPS heat structure model calculate similar histories for the heat transfer rate to the
coolant.

INEEL/EXT-02-00589-V5-R2.2 Al-4



SCDAP/RELAP5-3D/2.2

1500.0 ; . . . : ; . ,
e—o SCDAP exp, 0.86
o—oSCDAP imp, 0.86 m
13000 b ¥ *RELAP5 0.86 i
+—eSCDAP exp, 0.40 m
o =—aSCDAP imp, 0.40 m
) RELAPS, 0.4
5 11000 3,040m
2
<
2
g 900.0
]
=
700.0
500.0 - L . L . ! . s .
100.0 120.0 140.0 160.0 180.0 200.0
Time (s)

Figure A1-3. Comparison of SCDAP and RELAPS5 calculated cladding surface temperatures at
elevations of 0.40 m and 0.86 m.

The CPU time required for solution of the test problem was almost identical for the implicit and
explicit convective heat transfer models in SCDAP. The CPU time for the solution of the test problem was
50 s on a DEC 3000 work station. The CPU time was evenly distributed through the time span of the test
problem.

In summary, this test problem has produced two results. First, it has shown that SCDAP heat
structures accurately calculate the boil off and heatup that occurs in a bundle of fuel rods subjected to a
deficiency in coolant flow. Second, the implicit convective heat transfer model does not result in any
increase in computational efficiency or accuracy relative to the explicit convective heat transfer model.
Since the explicit model has been applied and assessed much more than the implicit model and is as
efficient and accurate as the implicit model, this result is a basis for recommending the explicit convective
heat transfer model as the default model for convective heat transfer in SCDAP/RELAP5/MOD?3.3.

A1.1 References

Al-1. The RELAPS Development Team, RELAP5/MOD3 Code Manual, Volume IV, NUREG/CR-5535,
INEL-95/0174, August 1995.
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Figure A1-4. Bundle uncovery histories as calculated by SCDAP and RELAPS heat structures at
elevations of 0.40 and 0.86 m.
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Figure A1-5. Heat transfer rate to coolant at axial node 5.
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A2. FLHT-5 TEST

FLHT-5, the fourth in a series of full length, high temperature severe core damage tests, was
conducted by Pacific Northwest National Laboratory (PNNL) in the National Research Universal (NRU)

reactor at Chalk River Nuclear Laboratory (CRNL), Ontario, Canada.**"! The objectives of this test,
which simulated conditions in a light water reactor (LWR) core during a loss-of-coolant accident, were; (1)
to heat up fuel rods to the point of severe fuel damage at 30 kW nuclear power during a boildown and the
subsequent heatup, (2) to determine the time at which oxidation and hydrogen production ceased within
the test assembly and characterize the cause of the cessation of oxidation, and (3) to characterize the
release, transport, and deposition of gaseous and volatile fission products. To accomplish the goals of the
test, the bundle was held at a maximum temperature of 2,500 K for 60 minutes, instrumented with
numerous thermocouples, flow meters and pressure transducers, and examined visually after completion of
the test.

The FLHT-5 test assembly consisted of 12 fuel rods surrounded by a multilayer low density zirconia
shroud, with a zircaloy liner. The fuel bundle, a modified 4 x 4 array, is shown in Figure A2-1. The corner
rod positions in the array were replaced with angled zircaloy carrier pieces that routed and protected
instrument wires in the test bundle. Ten of the remaining 12 positions in the fuel bundle were fresh fuel
rods, fabricated at PNNL. Eight of the nonirradiated rods were instrumented. One of the remaining
positions in the array contained a three-cycle irradiated PWR fuel rod from the H. B. Robinson reactor, the
other a stainless steel rod centered in a zircaloy guide tube. The irradiated rod had an initial UO, pellet

enrichment of 2.55%, a nominal rod-average burnup of 28 MWd/kgU, and a cooling time of 13 years. The
3.6 m in height fuel rods in the test bundle were held in place by 8 instrumented grid spacers, four
composed of inconel and four zircaloy (the bottom three and top grid spacers were inconel, the other four
were zircaloy).

The test was conducted in five phases; (1) equipment installation and checkout, (2) commissioning,
which included the injection of metered hydrogen and nitrogen gas flows into the effluent piping to check
the response and calibration of the various hydrogen sampling and analysis systems and to perform leak
checks on the system, (3) preconditioning of the assembly to ensure adequate fuel pellet cracking of the
fresh rods, (4) the boilaway transient, where 30-kW of nuclear power and a coolant makeup flow of 1.26 g/
s were maintained for 60 minutes beyond the first cladding temperature escalation to 2,500 K, and (5) post-
test activities, which included deposition rod removal and gamma scanning, visual inspection of the
damaged test assembly, sectioning of the test assembly, stack release analyses, and flux wire gamma
scanning.

A2.1 Nodalization

As shown in Figure A2-1, the nodalization of the FLHT-5 test assembly was represented by SCDAP/
RELAP5/MOD3.3 using ten, 0.3648 m in height, RELAPS hydrodynamic volumes in the test bundle
region and a single RELAPS5 volume to represent the bypass. Five SCDAP components were used to
represent rods and structures in the core region. Component 1 represented the unirradiated fuel rods,

A2-1 INEEL/EXT-02-00589-V5-R2.2



SCDAP/RELAP5-3D/2.2

(Sink)
tlet
e Zircaloy tube
Bypass upper
Slzk pleilum % \
/r 02
shroud with
Tes& Zr liner on
bundle inner surface
channel

Bypass

O Fresh fuel rods
O Trradiated fuel rods

© Stainless steel rod
O Carrier rods

A A

Bypass
source

Shroud A
Source

Figure A2-1. RELAPS nodalization and bundle configuration for FLHT-5.

Component 2 represented the single irradiated H. B. Robinson fuel rod, Component 3 represented the
zircaloy guide tube containing a centered stainless steel rod; input in the assessment deck as a control rod
with an extremely small quantity of control material. Component 4 represented the corner carrier tubes.
Component 5 represented the insulating shroud.

A2.2 Boundary Conditions

Prior to initiating the test, steady-state conditions were established at a system pressure of 1.38 MPa
with a coolant flow rate of 11.3 g/s and an initial liquid level at the elevation of 2.9 m above the bottom of
the test bundle. After the establishment of steady-state conditions in the test bundle, the test was initiated
by decreasing the inlet flow of the coolant to 1.26 g/s and applying 30 kW nuclear power to the test
assembly. The initiation of power started the boilaway phase of the experiment.

INEEL/EXT-02-00589-V5-R2.2 A2-2
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A2.3 Comparison of Calculations and Measurements

Results for the FLHT-5 experiment provide benchmarks for early-phase damage progression models
in a severe accident analysis computer code. The experiment subjected the test fuel rods to conditions that
caused rapid oxidation and some meltdown of the cladding of the test fuel rods. The temperature history of
the test fuel assembly at three different elevations was obtained during the period in which oxidation was
causing a rapid heatup of the test fuel assembly. A measurement was obtained of the amount of hydrogen
produced by oxidation of the cladding of the test fuel rods and other structures. The hydrogen production
rate was also measured. A limited post-irradiation examination (PIE) obtained some information on the
extent of oxidation of the test fuel assembly and the location of slumped fuel rod material.

The MOD3.3 calculated temperature behavior of the test fuel assembly was generally in good
agreement with its measured temperature behavior. The MOD3.3 calculated and measured temperature
history of a test fuel rod at the 2.37 m elevation (referenced from bottom of fuel rod) are shown in Figure
A2-2. The 2.37 m elevation is the highest elevation at which a temperature measurement was obtained for
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Figure A2-2. Calculated and measured temperature at 2.37 m elevation for FLHT-5.

the test fuel rods. A temperature increase due to uncovery of the test bundle occurred first at this location.
The calculated rate of temperature increase for a temperature greater than 1500 K was about 16 K/s. The
calculated rate of temperature increase is slightly slower than the measured rate of temperature increase.
The temperature measurement failed after the temperature exceeded 1600 K. The temperature history
calculated by MOD3.2 at this elevation is also shown in Figure A2-2. The temperature histories calculated
by MOD3.2 and MOD3.3 are similar. The calculated and measured temperature histories of the test fuel
rods at the 1.64 m and 1.22 m elevations are compared in Figure A2-3 and Figure A2-4, respectively. The

A2-3 INEEL/EXT-02-00589-V5-R2.2
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calculated rate of temperature increase was slightly less than the measured rate of increase. A maximum
temperature of 2670 K was calculated at the elevations of 1.22 m and 1.64 m. Based on measurements of
the temperature of the outside of the insulated flow shroud surrounding the test fuel assembly, the
maximum fuel assembly temperature was estimated to exceed 2600 K.A%! The temperature histories
calculated by MOD3.2 are also shown in Figures A2-2 through A2-4. The MOD3.3 and MOD3.2
calculations are similar for the 1.64 m elevation, but at the 1.22 m elevation the MOD?3.3 calculations are
in better agreement with the measured temperature history than the MOD?3.2 calculations.
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Figure A2-3. Calculated and measured temperature at 1.64 m elevation for FLHT-5.

The calculated axial distribution in oxidation of test fuel rod cladding was in general agreement with
the axial distribution obtained from the PIE performed on the test fuel assembly. Although the PIE was
limited in scope, information was obtained indicating almost 100% oxidation of the cladding of the test
rods above an elevation of 1.3 m. The measured and the MOD3.3 and MOD3.2 calculated axial
distributions in the fraction of the fuel rod cladding oxidized are tabulated in Table A2-1. As shown in this
table, MOD3.3 calculated almost 100% oxidation of the cladding above the 1.3 m elevation. The only
exception was at the 2.37 m elevation, where cladding oxidation was limited to 43% due to slumping of the
melted metallic cladding at that location. Double-sided oxidation was calculated to not occur at any
location in the test fuel assembly. Since meltdown has an influence on the axial distribution in oxidation,
the calculated locations of cladding slumping and blockages are also shown in Table A2-1. The blockage is
defined to be the fraction of coolant space filled with slumped material. The PIE indicated that some
slumping of melted cladding occurred but that the slumping was limited and did not cause any extensive
blockage. The limited scope of the PIE precluded a quantitative measurement of fuel rod meltdown.
MOD3.3 also calculated only a small amount of cladding slumping, and thus the calculated amount of fuel
rod meltdown was consistent with the measured amount.

INEEL/EXT-02-00589-V5-R2.2 A2-4
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Figure A2-4. Comparison of calculated and measured temperature at 1.22 m elevation for FLHT-5.

Table A2-1. Calculated and measured axial distributions in oxidation and meltdown for FLHT-5 test.

Elevation Fraction cladding oxidized Fsll'ﬁlc;ipoillll;lf(::)ll(l?%sc(:tliiltlo(;?eeslﬁolml)l/
(m) MOD3.3 Measured MOD3.3
0.18 0.0 ~0.0 0.0/no
0.55 0.0 ~0.0 0.0/no
0.91 0.04 ~0.0 0.15/no
1.28 0.97 ~1.0 0.0/no
1.64 1.00 ~1.0 0.0/n0
2.00 1.00 ~1.0 0.0/no
2.37 0.43 ~1.0 0.0/yes
2.75 1.00 ~1.0 0.0/no
3.10 1.00 ~1.0 0.0/no
3.47 1.00 ~1.0 0.0/no
A2-5 INEEL/EXT-02-00589-V5-R2.2
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The calculated hydrogen production was somewhat less than the measured hydrogen production. The
calculated and measured hydrogen production are compared in Figure A2-5. The MOD3.3 calculated
andmeasured hydrogen productions were 231 g and 300 g + or - 30 g. The hydrogen production calculated
by MOD3.2 was 249 g. The general agreement of calculated and measured axial distribution in oxidation
indicates that the underprediction in hydrogen production may be due to an underprediction of the
oxidation of other components in the test train for the test fuel assembly, such as the shroud with a Zr inner
liner and Zircaloy carriers for instrument wires. The calculated and measured rate of hydrogen production
are compared in Figure A2-6. The measured rate was obtained from the Noncondensable Turbine
Flowmeter. The measured rate of hydrogen production lags the calculated rate of hydrogen production
because the measurement was performed a considerable distance downstream of the test fuel assembly.
Both the calculations and the measurements showed that most of the hydrogen production occurred in the
period of 1000s to 3000 s. During this period, most of the uncovered portions of the test fuel rods were at a
temperature greater than the melting temperature of the metallic part of the fuel rod cladding, as shown in
Figure A2-2 through Figure A2-4. The calculated and measured maximum rates of hydrogen production

were about 1.3x10™ kg/s. This rate of hydrogen production corresponds with oxidation in the test assembly
consuming 100% of the makeup coolant flowing into the test bundle.
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Figure A2-5. Comparison of calculated and measured cumulative hydrogen production for FLHT-5 test.

In summary, the calculated and measured behavior of the test fuel assembly for the FLHT-5 test are
in good agreeement. Both the calculations and the measurements showed an oxidation driven heatup rate
in excess of 15 K/s in the portion of the test assembly uncovered by the boiloff of water. The calculations
and measurements indicated that cladding melting did not reduce the the rate of oxidation. The calculations
and measurements indicated 100% consumption of the makeup coolant flow during the high temperature

INEEL/EXT-02-00589-V5-R2.2 A2-6
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Figure A2-6. Comparison of calculated and measured hydrogen production rate.

period of the test and almost 100% oxidation of the cladding of the fuel rods uncovered by coolant boiloff.
Both the calculations and measurements indicated that the meltdown of the test fuel assembly was limited
even though the maximum temperature in the test fuel assembly exceeded 2600 K, and that no significant
flow blockage occurred.

A2.4 References

A2-1. D. D. Lanning et al., “Data Report: Full-Length High Temperature Experiment 5,” PNL6540,
April 1988
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A3. PBF SFD SERIES OF EXPERIMENTS

A severe fuel damage (SFD) research program was initiated by the U.S. Nuclear Regulatory
Commission (NRC) to develop a data base and models to predict (a) the overall response of a reactor core
and associated structures, (b) the rate of release of fission products; their chemical forms, and
characteristics of their transport and deposition in the primary system, (c) the rate of hydrogen generation
from the interaction of coolant with the fuel, cladding, and reactor structure, and (d) the coolability of the
damaged fuel following reflood.

Several severe fuel damage experiments were performed at the PBF test reactor at the INEEL. This
test reactor had a uranium dioxide driver core and a central flux trap contained in an open tank reactor
vessel. An independent, pressurized water coolant loop gave the capability to provide a wide range of
thermal hydraulic conditions within the reactor core. A complete description of the Power Burst Facility

can be found in the test results reports for each of the individual experiments.A3'1’ A3-3The PBF core was a
right-circular annulus, 1.3 m in diameter and 0.91 m in height, enclosing a vertical flux trap, 0.21 m in
diameter. The reactor core was designed for both steady-state and power burst operation and contained
eight control rods for reactivity control during steady-state operation and four transient rods for dynamic
control during rapid reactivity transients. Each control and transient rod consisted of a stainless-steel
canister which contained a cylindrical annulus of boron carbide. The control and transient rods were
operated in an air-filled shroud.

An in-pile tube, placed in the central flux trap region, contained the test assembly. The in-pile tube
used for the PBF reactor was a thick walled, Inconel, high strength pressure tube designed to contain the
steady-state operating pressure and subsequent pressure surges resulting from the failure of any test fuel
rod. Therefore, any conceivable failure of the test fuel during the experiment such as clad failure, gross
fuel melting, fuel-coolant interactions, fuel failure propagation, fission product release or metal-water
interactions, would be contained by the in-pile tube without damage to the driver core.

A flow tube was positioned in the in-pile tube. This tube directed coolant flow during the experiment.
The coolant entered the top of the in-pile tube above the reactor core and flowed down the annulus between
the in-pile tube wall and the flow tube. The flow through the reactor reversed at the bottom, flowed upward
around the outside wall of the test train assembly maintaining the appropriate heat transfer and keeping the
shroud properly cooled during an experiment.

The objectives of the PBF SFD test series were to obtain data to better understand fuel behavior,
fission product release, deposition and transport, and hydrogen generation during severe fuel damage
accidents. The data from each of these well controlled and instrumented tests was verified and qualified by
an independent data review committee. Two additional purposes of these tests were to reconstruct the
TMI-2 accident scenario and to investigate other risk-dominant accident scenarios that could lead to severe
core damage during an incident in a nuclear power plant.

A3-1 INEEL/EXT-02-00589-V5-R2.2
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Three PBF SFD tests were used to assess SCDAP/RELAP5/MOD3.3. These tests were; (1) PBF
SFD-ST test, which involved a gradual boiuloff of coolant, (2) PBF SFD 1-1 test, which involved heatup in
a steam environment, and (3) PBF SFD 1-4 test, which involved heatup of a bundle of fuel rods with
burnup and with a control rod. The assessment results obtained for each of these three experiments follows.

A3.1 Assessment Using PBF SFD-ST Test

The PBF SFD Scoping Test”3"! was used to assess code calculated reflood behavior and evaluate the
models for cladding meltdown and oxidation.

The SFD-ST test train incorporated a fuel bundle containing 32, 0.92 m in length pressurized, trace
irradiated fuel rods with an average burnup of 91 MWd/MtU in a 6 x 6 array with the corners removed.
The spacing between the fuel rods in the test bundle was maintained by three inconel spacer grids, 40 mm
in height, located at the 0.05, 0.45 and 0.86 m elevations. The fuel bundle was surrounded by an insulating
shroud to minimize heat losses during the test. The shroud consisted of an inner zircaloy liner, a layer of
porous zirconia, and an outer wall constructed of zircaloy. The fuel rods and shroud were instrumented
with numerous thermocouples and pressure sensors. All test data was verified or categorized by a data
integrity review committee.

A3.1.1 Nodalization

The entire test assembly for Scoping Test was modeled with SCDAP/RELAPS. Ten (10) 0.1 m in
length RELAPS hydrodynamic volumes were used to represent the core region, a single RELAPS volume
to represent the bypass region, and time dependent volumes to represent a sink and source for the test
bundle flow channel and core bypass. The RELAP5 nodalization scheme used for the analysis is shown in
Figure A3-1. The bundle components, fuel rods and insulating shroud are represented by four SCDAP
components as shown in Figure A3-2. The fuel rods in the 36 rod test bundle were represented by three
SCDAP components as follows: (1) component 1, the four fuel rods of the inner ring, (2) component 2, the
twelve fuel rods of the middle ring, and (3) component 3, the sixteen fuel rods of the outer ring. A fourth
SCDAP component was used to represent the flow shroud. The SCDAP components were modeled with
ten axial nodes 0.1 m in height which interfaced with the 10 corresponding RELAPS5 hydrodynamic
control volumes. The external surface of the bundle shroud was connected to the single RELAPS
hydrodynamic control volume that was used to represent the bypass. The fuel rods for this test were
modeled using 4 radial nodes and the insulating shroud modeled using 19 radial nodes.

A3.1.2 Boundary Conditions

The nuclear power used for the SFD-ST assessment calculations was obtained from reactor power
measurements and reactor physics calculations. The total bundle power is shown in Figure A3-3. At 11960
s, the bundle power was ramped down attaining a value of zero at 12520 s. The uncertainty envelope for
the total measured power was + 15%. During the test the axial power profile varied in response to changes
in the water level in the reactor core, therefore three discrete power profiles were used, one profile
represented the partially water filled bundle, a second a 10% water filled bundle, and the third a steam
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Figure A3-1. RELAPS nodalization of the test train for the SFD-ST experiment.
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Figure A3-2. SCDAP core representation of the SFD-ST experimental bundle.
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filled bundle. The measured initial conditions for the water inlet flow rate, 16 g/s at 525 K, and a system
pressure of 6.65 MPa were used for the calculation. The pre-test measured thermal conductivity for the
shroud material was used for the analysis even though there was evidence that variations in the shroud
thermal conductivity occurred during the test.
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60000.0

40000.0

Core nuclear heat generation (W)

20000.0

0.0 - . - . :
0.0 5000.0 10000.0 15000.0
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Figure A3-3. Total bundle power for the SFD-ST experiment.

The flow rate of coolant at the inlet of the test fuel assembly varied with time. From 1889 s to 11760
s, the inlet flow rate was 16 g/s. At 11913 s, the inlet flow was reduced to 15 g/s. At 12230 s, the inlet flow
was reduced to 12 g/s. At 12739 s, the inlet flow rate was increased to 30 g/s to reflood the hot test fuel
assembly. The history of the inlet flow rate to the test fuel assembly is tabulated in Table A3-1.

Table A3-1. History of inlet flow rate to the test fuel assembly for PBF SFD ST Test

Time Inlet flow rate

(s) (g/s)

0.0 12.75
1889. 16.20
2752. 16.92
4517. 16.74
5000. 16.79
6892. 16.60
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Table A3-1. History of inlet flow rate to the test fuel assembly for PBF SFD ST Test (Continued)

Time Inlet flow rate
) (g/s)
7870. 16.57
9000. 16.52
10000. 16.20
11739. 16.20
11913. 15.02
12091. 15.02
12230. 12.24
12326. 12.51
12400. 15.05
125009. 16.20
12557. 15.18
12617. 15.32
12739. 29.51
15000. 30.00
5000. 16.79

A3.1.3 Results

The results for the PBF SFD Scoping Test provide benchmarks for the modeling of early-phase
damage progression in fuel assemblies and for the modeling of the affect of reflood on the behavior of hot
partially oxidized fuel assemblies. The experiment also involved heat transfer and flow losses in porous
debris. The experiment subjected the fuel rods with only a trace amount of burnup to conditions that
caused oxidation of the cladding of the test fuel rods. The boiloff of coolant in the test fuel assembly
occurred over an extended period of time. After a significant oxidation and heatup of the upper part of the
test fuel assembly, the test fuel assembly was reflooded. The temperature history of the test fuel assembly
at three different elevations was obtained during the period in which oxidation was causing a heatup of the
test fuel rods. A measurement was obtained of the amount of hydrogen produced by oxidation of the
cladding of the test fuel rods and other structures. An instrument obtained the time of rupture of the fuel
rod cladding due to excessive stress and ballooning. A post-irradiation examination (PIE) obtained
information on the extent of oxidation of the test fuel assembly and the location of slumped fuel rod
material.
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The MOD3.3 calculated temperature behavior of the test fuel assembly was in good agreement with
its measured temperature behavior. The MOD3.3 calculated and measured temperature histories of a test
fuel rod in the center of the test fuel assembly at the 0.7 m elevation (referenced from bottom of fuel rod)
are shown in Figure A3-4. The MOD3.2 calculated temperature history is also shown. The temperature
measurement failed after the temperature exceeded 2000 K. The MOD3.3 calculated temperature history
and the measured temperature history are in good agreement. The temperature was calculated to begin to
decrease beginning at 11960 s due to the rapid decrease in the nuclear heat generation in the test fuel
assembly. The calculated and measured temperature histories of the test fuel rods at the 0.5 m and 0.35 m
elevations are compared in Figure A3-5 and Figure A3-6, respectively. The 0.5 m elevation is near the
midplane of the test fuel rods. For both the 0.5 m and 0.35 m elevations, MOD3.3 calculated a significant
increase in temperature to occur after the beginning of reflood. MOD?3.2 did not calculate any increase in
temperature after the beginning of reflood. The PIE results indicated that the maximum temperature in the
test fuel assembly exceeded 2670 K. The maximum temperature of the test fuel rods was calculated by
MOD3.3 to be 2585 K and to occur at 12375 s, which was during the beginning of the reflood period of the
test.

3000.0 . I . | :
Measured at 0.7 m Failure of measurement
L Calculated, MOD3.3 |
Calculated, MOD3.2
2000.0 —

Temperature (K)

1000.0

Beginning of decrease in

nuclear heat generation 1

0.0 5000.0 10000.0 15000.0
Time (s)

Figure A3-4. Comparison of calculated and measured cladding temperatures at the 0.7 m elevation for
PBF SFD ST test.

The calculated axial distribution in oxidation of the cladding of the test fuel rods was in general
agreement with the axial distribution obtained from the PIE performed on the test fuel assembly. The
measured and the MOD3.3 and MOD3.2 calculated axial distributions in the fraction of the fuel rod
cladding oxidized are tabulated in Table A3-2. Double-sided oxidation of the fuel rod cladding was
calculated to occur in the elevation interval of 0.8 m to 0.9 m. The PIE results showed 100% oxidation of
the cladding of the test rods in the elevation interval of 0.35 m to 0.95 m (top of fuel rods). MOD3.3
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Figure A3-5. Calculated and measured temperatures at 0.5 m elevation for PBF SFD ST test.
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Figure A3-6. Calculated and measured temperatures at 0.35 m elevation for PBF SFD ST test.
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calculated 100% oxidation of the cladding in the interval of 0.25 m to 0.95 m. Since cladding meltdown
has an influence on the axial distribution in oxidation, the calculated locations of cladding slumping and
blockages are also shown in Table A3-2. The blockage is defined to be the fraction of coolant space filled
with slumped material. The PIE indicated some slumping of fuel and cladding in the elevation interval of
0.4 m to 0.6 m, and some slumped material at the elevation of 0.15 m. The PIE indicated that a large
amount of material slumping did not occur. The slumping of cladding was calculated by MOD3.3 to not
occur. The only material calculated by MOD3.3 to slump was the Inconel spacer grid material and the Zr
cladding melted due to eutectec reaction with the spacer grids.

Table A3-2. Calculated and measured axial distributions in oxidation and meltdown for PBF SFD ST

Test.
Elev. Fraction cladding oxidized i{igﬁﬁgﬁgﬁ%ﬁi‘tﬁ:’ (21?210:3;/
(m) MOD3.3 Measured MOD3.3 Measured

0.05 0.0 0.0 0.0/no 0.0/no

0.15 0.0 0.03 0.0/no >0.0/no

0.25 0.03 1.0 0.0/no 0.0/no

0.35 1.0 1.0 0.0/no 0.0/no

0.45 1.0 1.0 0.0/no 0.0/yes

0.55 1.0 1.0 0.0/no 0.0/yes

0.65 1.0 1.0 0.0/no 0.0/no

0.75 1.0 1.0 0.0/no 0.0/no

0.85 1.0 1.0 0.0/mo 0.0/mo

0.95 1.0 1.0 0.0/no 0.0/no

The MOD3.3 calculated hydrogen production was in good agreement with the measured hydrogen
production. A hydrogen production of 150 g + or - 35 g was measured. MOD3.3 calculated a hydrogen
production of 125 g. The hydrogen production calculated by MOD?3.2 was 130 g. The MOD?3.3 calculated
cumulative hydrogen production is shown in Figure A3-7. The bulk of the hydrogen production was
calculated to occur in the period of 8500 s to 12400 s. About 25% of the hydrogen production was
calculated to occur after the beginning of reflooding of the test fuel assembly, when the nuclear heat
generation rate in the test fuel assembly was decreasing rapidly and the flow of coolant into the test fuel
assembly was increasing. These MOD?3.3 results are consistent with the measured rate of hydrogen
production, which had a large amount of uncertainty but nevertheless provided a measurement of the trend
of the hydrogen production. The MOD3.2 calculated cumulative hydrogen production is also shown in
Figure A3-7. MOD3.2 did not calculate any hydrogen production after the beginning of reflooding.

The ballooning and rupture of the fuel rod cladding affects the temperature history, oxidation and
meltdown of the fuel rods. The fuel rod cladding was measured to rupture in the period of 5850 s to 6260 s.
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Figure A3-7. Calculated cumulative hydrogen production for PBF SFD ST test.

The fuel rod cladding was calculated by MOD3.3 to rupture in the period of 6015 s to 6325 s and at a
cladding temperature of about 1050 K. The location of cladding rupture was calculated by MOD?3.3 to be
at the elevation of 0.85 m. The severely damaged post-test state of the test fuel rods precluded a
measurement of the elevation interval of cladding ballooning.

The calculated boiloff of water in the test fuel assembly was generally in good agreement with the
measured boiloff. The boiloff at water was mapped by the collapsed liquid level in the test fuel assembly.
The MOD3.3 calculated and measured collapse liquid levels are compared in Figure A3-8.

The comparison of calculated and measured test fuel assembly pressure differentials indicates that
the model in MOD3.3 for flow losses in porous debris is consistent with experimental results. The
experimental results were useful only for identifying trends in the thermal hydraulic behavior of the test
fuel assembly, in part due to an uncertainty in measured pressure caused by failure of the shroud. Both the
measured pressure differential and the MOD3.3 calculations indicated a significant increase in flow losses
after the test fuel assembly disintegrated into porous debris in the period of 12300 s to 12600 s. The
MOD3.3 calculated and measured increases in test fuel assembly pressure differentials during the period of
disintegration of the test fuel assembly were 6 kPa and 20 kPa, respectively.

In summary, this test problem showed that MOD3.3 calculates early-phase damage progression in
agreement with experimental results. The MOD3.3 calculated time of rupture of the cladding of the test
fuel rods was in good agreement with the measured time of cladding rupture. The calculated boiloff of
coolant and oxidation of the test fuel assemly resulted in a calculated heatup of the test fuel assembly in
good agreement with the measured heatup. The calculated and measured axial distribution in the fraction
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Figure A3-8. Comparison of calculated and measured collapsed liquid level in test fuel assembly for
PBF SFD ST test.

of oxidation of the cladding of the test fuel assembly were in good agreement. MOD3.3 calculated that the
meltdown of the test fuel assembly was limited to meltdown resulting from the eutectic reaction of Inconel
spacer grids with Zircaloy cladding. The PIE indicated a limited amount of slumping of liquefied cladding
with dissolved fuel. While the measured extent of meltdown was greater than the calculated extent of
meltdown, nevertheless the differences in calculated and measured meltdown were not large. Both the
MOD3.3 calculations and the measurements indicated a significant oxidation excursion and heatup after
reflood of the test fuel assembly began and its nuclear heat generation rate was rapidly decreasing. The test
problem also provided a limited test of the model in MOD3.3 for calculating the flow losses in porous
debris. Both the MOD?3.3 calculations and the measurements indicated a significant increase in flow losses
after the beginning of reflood and the disintegration of part of the test fuel assembly into porous debris.

A3.2 Assessment Using the PBF SFD 1-1 Test

PBF SFD 1-1 Test3 was the second in the series of severe fuel damage experiments performed in
the Power Burst Facility at the INEEL. The SFD 1-1 test train incorporated a fuel bundle containing 32, 1
m in length pressurized trace-irradiated fuel rods with an average burnup of 70 MWd/MtU surrounded by a
multi-layer insulating shroud. The fuel rods in the test assembly were held in position by three 40 mm in
height inconel spacer grids located at the 0.05, 0.45, and 0.86 m elevations above the bottom of the test
bundle. The insulating shroud consisted of an inner zircaloy liner, a porous zirconia insulating layer, and a
zircaloy wall. The experimental bundle was positioned in a zircaloy flow tube, which was inserted into the
test facility in-pile-tube. The insulated region was pressured with argon and the gap between the inner and
outer shroud walls was pressurized with helium. Numerous thermocouples recorded fuel rod and shroud
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temperatures during the test and pressure sensors recorded changes in system pressure. All test data was
verified, validated and qualified by an independent data integrity review committee.

A3.2.1 Nodalization and Boundary Conditions

The entire test assembly for PBF SFD 1-1 was modeled with SCDAP/RELAPS. Ten (10) 0.1 m in
length RELAPS hydrodynamic volumes were used to represent the core region, a single RELAPS volume
to represent the bypass region, and time dependent volumes to represent a sink and source for the test
bundle flow channel and core bypass. The test facility nodalization used RELAP5 hydrodynamic volumes
and heat structures to represent the entire test facility including the deposition rod, steam line, condenser,
and knockout drum. The RELAPS nodalization scheme used for the analysis is shown in Figure A3-9. The
bundle components, fuel rods and insulating shroud are represented by four SCDAP components as shown
in Figure A3-10. The fuel rods in the 36 rod test bundle were represented by three SCDAP components as
follows: (1) component 1 represented the four fuel rods of the inner ring, (2) component 2 represented the
twelve fuel rods of the middle ring, and (3) component 3 represented the sixteen fuel rods of the outer ring.
A fourth SCDAP component was used to represent the insulating shroud. Each SCDAP component was
divided into ten axial nodes with each axial node 0.1 mm height. The axial nodes interfaced the 10
corresponding RELAPS hydrodynamic control volumes. The external surface of the insulating shroud
interfaced with the RELAPS control volume that was used to represent the coolant in the bypass. The fuel
rods for this test were modeled using 4 radial nodes and the insulating shroud was modeled using 19 radial
nodes.

The bundle nuclear power generation and bundle coolant boundary conditions were defined
according to experimental results. An estimation of nuclear power generated in the test bundle, as well as
the uncertainty envelop of + 7% and -15%, was obtained from the measured reactor power and uncertainty
calculations. This estimation was used for the power input for the assessment calculations. The single axial
power profile used for the calculations was determined from measurements recorded from the fission
chambers located on the outer wall of the shroud and reactor physics calculations. The measured water
inlet flow rate of 0.64 g/s at 531 K with a measured system pressure of 6.8 MPa was defined in the input
deck. Argon injected at a flow rate 1.3 g/s, beginning at 3,200 s and continuing to the end of the
experiment, was also modeled.

A3.2.2 Comparison of Calculations and Measurements

The results for the PBF SFD 1-1 experiment provide benchmarks for the early-phase damage

progression models in a severe accident analysis computer code.A32 The experiment subjected the test fuel
rods to conditions that caused rapid oxidation and meltdown of the cladding of the test fuel rods. The
temperature history of the test fuel assembly at three different elevations was obtained during the period in
which oxidation was causing a rapid heatup of the test fuel rods. A measurement was obtained of the
amount of hydrogen produced by oxidation of the cladding of the test fuel rods and other structures. An
instrument obtained the time of rupture of the fuel rod cladding due to excessive stress and ballooning. A
post-irradiation examination (PIE) obtained information on the extent of oxidation of the test fuel assembly
and the location of slumped fuel rod material.
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Figure A3-9. RELAPS nodalization of the test train for the SFD1-1 experiment.

The MOD3.3 calculated temperature behavior of the test fuel assembly was generally in good
agreement with its measured temperature behavior. The MOD3.3 calculated and measured temperature
history of the test fuel rods in the middle row of test fuel assembly at the 0.35 m elevation (referenced from
bottom of fuel rod) are shown in Figure A3-11. The calculated rate of temperature increase at the
temperature of 1700 K was about 13 K/s. The calculated rate of temperature increase was in agreement
with the measured rate of temperature increase. The temperature measurement failed after the temperature
exceeded 1700 K. The calculated temperature history has an inflection point at the time of 1976 s
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Figure A3-10. SCDAP nodalization of the PBF SFD1-1 experimental bundle.

(temperature of 2200 K) due to the relocation of the cladding in the circumferential direction, which in turn
was due to melting of the cladding. The temperature history calculated by MOD3.2 at this elevation is also
shown in Figure A3-11. The temperature histories calculated by MOD3.2 and MOD3.3 are similar. The
calculated and measured temperature histories of the test fuel rods at the 0.5 m and 0.7 m elevations are
compared in Figure A3-12 and Figure A3-13, respectively. The 0.5 m elevation is near the midplane of the
test fuel rods. The calculated temperature history at the 0.5 m elevation has an inflection point at 1960 s
due to the slumping of melted cladding. The calculated temperature history at the 0.7 m elevation has a
similar inflection point due to the slumping of melted cladding. The maximum calculated temperature of
the test fuel rods was 2818 K in the elevation interval of 0.3 m to 0.5 m. The maximum measured

temperature of the test fuel rods, obtained from PIE results, was 2890 K at the elevation of 0.15 m.A3! The
temperature histories calculated by MOD3.2 are also shown in Figure A3-12 through Figure A3-13. The
MOD?3.3 and MOD?3.2 calculations are similar.

The calculated axial distribution in oxidation of the cladding of the test fuel rods was in general
agreement with the axial distribution obtained from the PIE performed on the test fuel assembly. The
measured and the MOD3.3 and MOD?3.2 calculated axial distributions in the fraction of the fuel rod
cladding oxidized are tabulated in Table A3-3. The entries in the table without any data are due to
measurements not being obtained at that elevation. Double-sided oxidation of the fuel rod cladding was
calculated to occur in the elevation interval of 0.4 m to 0.6 m. The PIE results showed almost 100%
oxidation of the cladding of the test rods in the elevation interval of 0.1 m to 0.3 m. MOD3.3 calculated
about 80% oxidation of the cladding in the interval of 0.1 m to 0.4 m. MOD3.2 underpredicted
significantly the extent of oxidation in the interval of 0.1 m to 0.4 m. Both MOD3.3 and MOD3.2
underpredicted somewhat the extent of oxidation in the elevation interval of 0.4 m to 0.7 m. In the 0.7 m to
0.9 m interval of elevation, the MOD3.3 calculations are in generally good agreement with the measured
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Figure A3-11. Calculated and measured temperatures at 0.35 m elevation for PBF SFD
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Figure A3-12. Calculated and measured temperature at elevation of 0.5 m for PBF SFD 1-1 test.
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Figure A3-13. Calculated and measured temperature at elevation of 0.7 m for PBF SFD 1-1 test.

results, while the MOD3.2 calculations significantly overpredicted the extent of oxidation. Since
meltdown has an influence on the axial distribution in oxidation, the calculated locations of cladding
slumping and blockages are also shown in Table A3-3. The blockage is defined to be the fraction of
coolant space filled with slumped material. The PIE indicated a significant blockage due to meltdown in
the interval of elevation from 0.1 m to 0.2 m. Both MOD3.3 and MOD3.2 calculated a significant blockage
in the same interval of elevation as indicated by the PIE results. The PIE results indicated the slumping of
melted cladding in the elevation interval of 0.7 m to 0.9 m. MOD3.3 also calculated slumping in this
interval of elevation but MOD?3.2 did not. This improvement by MOD3.3 in modeling the slumping of
cladding is the reason MOD3.3 did not overpredict the extent of oxidation of cladding in this interval of
elevation, as did MOD3.2.

Table A3-3. Calculated and measured axial distributions in oxidation and meltdown for PBF SFD 1-1

test.

Elevation Fraction cladding oxidized Fractlo.n blockage du.e to meltdown/

slumping from location (yes or no)
(m) MOD3.3 | MOD3.2 | Measured | MOD3.3 MOD3.2 Meaured

0.05 0.01 0.0 0.60 0.28/no 0.0/mo 0.0/mo

0.15 0.80 0.51 1.00 0.61/no 1.0/mo ~0.5/mo

0.25 0.78 0.13 1.00 0.0/mo -/- 0.0/mo

0.35 0.78 0.16 0.25 0.0/no -/- 0.0/yes
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Table A3-3. Calculated and measured axial distributions in oxidation and meltdown for PBF SFD 1-1

test.
0.45 0.38 0.36 0.65 0.06/yes -/- 0.0/no
0.55 0.36 - - 0.0/yes -/- -
0.65 0.25 0.38 0.45 0.0/yes -/- 0.0/no
0.75 0.18 0.46 0.11 0.0/yes 0.0/mo 0.0/yes
0.85 0.16 0.34 0.20 0.0/yes 0.0/no 0.0/yes
0.95 0.63 - - 0.0/no 0.0/no -

The MOD3.3 calculated hydrogen production was greater than the measured hydrogen production. A
hydrogen production of 64 + or - 7 g was measured by analysis of the contents of the collection tank. A
hydrogen production of 99 g was measured from PIE results. MOD?3.3 calculated a hydrogen production of
105 g. The hydrogen production calculated by MOD3.2 was 94 g. The calculated and measured rate of
hydrogen production are compared in Figure A3-14. The bulk of the hydrogen production was calculated
to occur in the period of 1800 s to 2300 s. The bulk of the hydrogen production was measured to occur in
the period of 2100 s to 2600 s. The calculated rate of hydrogen production was somewhat greater than the
measured rate of hydrogen production. Since the rate of hydrogen production was measured down stream
of the test fuel assembly, the measured rate of hydrogen production lagged the rate of hydrogen production
in the test fuel assembly and the peak measured rate of hydrogen production was a round off of the peak

rate of hydrogen production in the test fuel assembly. The lag time is estimated to be 300 5. A3 Taking into
account this lag in the measured rate and round off of the measured rate, the calculated and measured rates
are in fair agreement. Both the calculations and measurements show most of the hydrogen production
occuring within a 500 s period. Both the calculations and the measurements show a sharp decrease in
hydrogen production occurring almost right after the maximum rate of production. According to the
calculations, this sharp decrease in the rate of hydrogen production was due to slumping of melted
cladding.

The ballooning and rupture of the fuel rod cladding affects the temperature history, oxidation and
meltdown of the fuel rods. The fuel rod cladding was measured to rupture in the period of 1538 s to 1632 s.
The fuel rod cladding was calculated to rupture in the period of 1785 s to 1798 s. Although the severely
damaged post-test state of the test fuel rods precluded an accurate measurement of the elevation interval of
cladding ballooning, nevertheless sufficient evidence was present to estimate the elevation interval of
cladding ballooning to be from 0.3 m to 0.7 m above the bottom of the fuel rods. The calculated elevation
interval of cladding ballooning was from 0.4 m to 0.6 m above the bottom of the fuel rods. In reference to
the elevation interval of cladding ballooning, ballooning is defined to have occurred where the cladding
hoop strain exceeded 0.12. In the calculations, double-sided oxidation occurred where the cladding hoop
strain exceeded 0.12 and the cladding had ruptured.

In summary, this test problem showed that MOD3.3 calculates early-phase damage progression in
agreement with experiment results. The calculated oxidation driven heatup of the test fuel assembly was in
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Figure A3-14. Calculated and measured rate of hydrogen production for PBF SFD 1-1 test.

good agreement with the measured oxidation driven heatup of the test fuel assembly. The calculated
meltdown of the test fuel assembly was in good agreement with the measured meltdown of the test fuel
assembly. The rapid production of hydrogen was both calculated and measured to occur within a 500 s
period. The rate of production of hydrogen was calculated to decrease rapidly after the time of the peak
rate of hydrogen production. This characteristic of hydrogen production was also in the measured rate of
hydrogen production. The MOD3.3 calculations of the axial distribution in oxidation of the test fuel
assembly was an improvement over the MOD?3.2 calculations of axial distribution in oxidation. MOD3.3
correctly calculated a significant oxidation of the lower part of the test fuel assembly and a meltdown of
the upper part of the test fuel assembly. Both MOD3.2 and MOD3.3 underpredicted somewhat the extent
of oxidation of the slumped cladding in the blockage area near the bottom of the test fuel assembly. The
MOD3.3 calculated time of rupture of the cladding of the test fuel rods was later than the measured time of
cladding rupture. Nevertheless, the overall calculation of early-phase damage progression was in good
agreement with the measurements of early-phase damage progression.

A3.3 Assessment Using the PBF SFD 1-4 Test

The SED 1-4 test “3-3 was the fourth in a series of severe core damage experiments performed in the
Power Burst Facility at the Idaho National Engineering and Environmental Laboratory (INEEL). The SFD
1-4 test train incorporated a fuel bundle containing 26 pre-irradiated fuel rods with an average burnup of 36
GWd/MtU, two fresh, instrumented fuel rods and four silver-indium-cadmium control rods in a 6 x 6 array
with the corner removed. All of the fuel rods were pressurized. One of the four control rods was
instrumented. The absorber material in the control rods was an alloy consisting of 80% Ag, 15% In, and
5% Cd by weight. The spacing between fuel rods and control rod tubes in the test assembly was maintained
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by three inconel spacer grids ~40 mm in height located at the 0.09, 0.49, and 0.94 m elevations above the
bottom of the test bundle. The active length of the fresh and irradiated fuel rods was 1 m.

The fuel bundle was housed in an insulated shroud to minimize radial heat losses. The layered shroud
was composed of a zircaloy liner, insulating material (porous zirconia), a zircaloy wall region surrounding
the shroud. The shrouded test bundle was inserted in a zircaloy flow tube, which in turn was centered in the
in-pile tube. The insulated region was pressurized with argon, and the gap between the inner and other
shroud walls was pressurized with helium.

A3.3.1 Nodalization

As shown in Figure A3-15, the test bundle was represented by seven SCDAP components;
(1) component 1 represented the three irradiated fuel rods in the inner ring of bundle fuel rods, (2)
component 2 represented the fresh fuel rod in the inner ring, (3) component 3 represented the fresh fuel
rods in the middle ring, (4) component 4 represented the seven irradiated fuel rods in the middle ring, (5)
component 5 represented the four control rods in the middle ring, (6) component 6 represented the 16
irradiated fuel rods in the outer ring, and (7) component 7 represented the insulating shroud. The rods fuel
components for this experiment were modeled radially with four radial nodes, the control rods were
modeled using five radial nodes, and the shroud was modeled using 19 radial nodes.

Shroud
(component 7)

@ Freshrod 3B (component 2)

© Freshrod 4D (component 3)

(O Irradiated rods, inner ring (component 1)
@ [Irradiated rods, outer ring (component 6)
@ [lrradiated rods, middle ring (component 4)
© Control rods, (component 5)

Figure A3-15. SCDAP nodalization of the PBF SFD 1-4 test bundle.
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As shown in Figure A3-16, all components were modeled using 10 axial nodes, each node being 0.1
m in height and interfacing with one of the ten corresponding RELAPS hydrodynamic control volumes.
The external surface of the shroud was connected to a single RELAPS5 hydrodynamic volume representing
the bypass.

Liquid .
water
+4 + Stack of ten RELAPS
RELAPS control 1. control volumes
volume representing™~a | =] fePresi”t”L&l} coolant
coolant in bypass // in test bundle
| | — Shroud
/ i
Bypass Z | Bundle
7/ e
Liquid Liquid Ar M226-BDR-1193-04
water water

Figure A3-16. RELAPS5 nodalization of the PBF SFD 1-4 test bundle.

A3.3.2 Initial Conditions

All fuel rods were pressurized with helium to 2 MPa at room temperature, with the exception of fresh
fuel rod (4D), which was pressurized to 3.8 MPa. The calculations started at the experiment time of 1,000
s, at which was the time for completion of the boildown phase and when the two-phase level in the bundle
was ~0.20 m. At this time, the mean temperature of the bundle fuel rods was 810 K.

A3.3.3 Boundary Conditions

The best-estimate fuel rod power history was used in the calculations. The transient axial power
profiles were represented in the calculations using three discrete curves. The calculations were started
using a profile corresponding to an intact bundle partially filled with water, then shifted to a profile
representing an intact bundle filled with steam (1,020 seconds) and finally to a profile representing a
damaged bundle with relocated control rod materials and filled with steam (2,050 seconds).

A constant water inlet flow rate of 0.6 g/s with a temperature of 532 K and a pressure of 6.95 MPa
was used over the experimental transient. Throughout the experiment, argon injected from the bottom
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flowed through the test bundle. For the first 1965 seconds of the experiment argon flow was maintained at
a rate of 0.26 g/s; from 1,965 to 3,280 seconds the argon flow rate was maintained at 0.58 g/s; from 3,280
seconds to the termination of the experiment the argon flow rate was maintained at 1.88 g/s.

A3.3.4 Comparison of Calculations and Measurements

The results for the PBF SFD 1-4 experiment provide benchmarks for the modeling of early-phase

damage progression in fuel assemblies with a significant amount of burnup.A3'3 The experiment subjected
the test fuel rods with a burnup of 36 MWd/kgU to conditions that caused rapid oxidation and meltdown of
the cladding of the test fuel rods. The temperature history of the test fuel assembly at three different
elevations was obtained during the period in which oxidation was causing a rapid heatup of the test fuel
rods. A measurement was obtained of the amount of hydrogen produced by oxidation of the cladding of the
test fuel rods and other structures. An instrument obtained the time of rupture of the fuel rod cladding due
to excessive stress and ballooning. A post-irradiation examination (PIE) obtained information on the extent
of oxidation of the test fuel assembly and the location of slumped fuel rod material.

The MOD3.3 calculated temperature behavior of the test fuel assembly was in good agreement with
its measured temperature behavior. The MOD?3.3 calculated and measured temperature histories of the
fresh test fuel rod in the center of the test fuel assembly at the 0.4 m elevation (referenced from bottom of
fuel rod) are shown in Figure A3-17. The MOD3.2 calculated temperature history is also shown. The

3000.0 . I T .
Failure of measurement

2000.0

Temperature (K)

1000.0 - Measured at 0.4 m
—  Calculated, MOD3.3
Calculated, MOD3.2

0.0 ! | L | !
1000.0 2000.0 3000.0 4000.0

Time (s)

Figure A3-17. Calculated and measured temperatures at 0.4 m elevation for PBF SFD 1-4 test.

temperature measurement failed after the temperature exceeded 2000 K. The MOD3.3 calculated
temperature history and the measured temperature history are in good agreement. The rate of heatup
calculated by MOD3.3 is slightly faster than that calculated by MOD3.2. The MOD3.3 calculated
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temperature history at the time of 2040 s (temperature of 2350 K) has an inflection point due to a reduction
in the rate of oxidation caused by the presence of dissolved fuel in the metallic part of the cladding. The
rate of heatup was calculated by MOD3.3 to begin to decrease at 2350 s due to complete oxidation of the
cladding and melting of the fuel. The calculated and measured temperature histories of the test fuel rods at
the 0.54 m and 0.74 m elevations are compared in Figure A3-18 and Figure A3-19, respectively. The
0.54 m elevation is near the midplane of the test fuel rods. The calculated rate of heatup at the 0.74 m
elevation was limited due to steam starvation. The rate of heatup at the this elevation was calculated to be
significantly less than that at the 0.4 m elevation due to steam starvation. The rate of heatup at 0.74 m
elevation began to decrease at 2600 s due to the decrease at this time in the nuclear heat generation rate in
the test fuel bundle. The maximum temperature of the test fuel rods was calculated by MOD3.3 to be 2870
K and to occur in the outer row of fuel rods in the elevation interval of 0.4 m to 0.6. The PIE results
indicated the maximum temperature of the test fuel assembly to be greater than 2800 K and to occur in the

elevation interval of 0.5 m to 0.6 m.*>~> A measurement was obtained of the temperature of the shroud
mid-wall through out the high temperature period of the experiment. The MOD3.3 calculated and
measured temperature of the shroud mid-wall at 0.91 m are compared in Figure A3-20. The good
agreement of the calculated and measured temperatures indicates that MOD?3.3 correctly calculated the
temperature behavior of the test fuel assembly during the high temperature period of the test.

3000.0 . I T .
Failure of measurement
g 2000.0 —
o
>
*§ L
(0]
(e}
€
K
1000.0 Measured at 0.54 m
— Calculated, MOD3.3
Calculated, MOD3.2
0.0 | | | | |
1000.0 2000.0 3000.0 4000.0

Time (s)
Figure A3-18. Calculated and measured temperatures at 0.54 m elevation for PBF SFD 1-4 test.
The calculated axial distribution in oxidation of the cladding of the test fuel rods was in general
agreement with the axial distribution obtained from the PIE performed on the test fuel assembly. The

measured and the MOD3.3 and MOD3.2 calculated axial distributions in the fraction of the fuel rod
cladding oxidized are tabulated in Table A3-4. The entries in the table without any data are due to
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Figure A3-19. Calculated and measured temperatures at 0.74 m elevation for PBF SFD 1-4 test.
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Figure A3-20. Calculated and measured temperatures at shroud mid-wall at 0.91 m for PBF SFD 1-4

test.
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measurements not being obtained at that elevation. Double-sided oxidation of the fuel rod cladding was
calculated to occur in the elevation interval of 0.6 m to 0.8 m. The PIE results showed almost 100%
oxidation of the cladding of the test rods in the elevation interval of 0.1 m to 0.3 m. MOD?3.3 calculated
about 70% oxidation of the cladding in the interval of 0.2 m to 0.6 m. MOD3.2 underpredicted
significantly the extent of oxidation in the interval of 0.2 m to 0.3 m. MOD3.3 overpredicted by about a
factor of two the extent of oxidation in the elevation interval of 0.5 m to 0.6 m. The overprediction of the
extent of oxidation in this interval of elevation may be due to the code not calculating the slumping of
cladding in this interval of elevation. The PIE results indicate that cladding in this interval of elevation
slumped. In the 0.7 m to 0.9 m interval of elevation, the MOD?3.3 calculations of the fraction of cladding
oxidation are in generally good agreement with the measured results. Both the calculations and the
measurents indicate that the extent of oxidation of the cladding in this interval of elevation was limited by
slumping of cladding. MOD3.2 did not predict the slumping of cladding in the elevation interval of 0.8 m
to 0.9 m, and as a result the extent of oxidation of the cladding in this interval of elevation was
overpredicted. Since cladding meltdown has an influence on the axial distribution in oxidation, the
calculated locations of cladding slumping and blockages are also shown in Table A3-4. The blockage is
defined to be the fraction of coolant space filled with slumped material. The PIE indicated a significant
blockage due to meltdown in the interval of elevation from 0.1 m to 0.2 m. Both MOD3.3 and MOD3.2
calculated a significant blockage in the same interval of elevation as indicated by the PIE results. The PIE
results indicated the slumping of melted cladding in the elevation interval of 0.3 m to 0.9 m. MOD3.3
calculated slumping of the cladding in the interval of elevation from 0.6 m to 0.9 m. MOD3.2 did not
predict slumping of the cladding in the elevation interval of 0.8 m to 0.9 m.

Table A3-4. Calculated and measured axial distributions in oxidation and meltdown for PBF SFD 1-4

test.

Elev. Fraction cladding oxidized F;Ef;;’;gﬁiﬁ%&iﬁi? (}11&;1:;101\1&;1)1/
(m) MOD3.3 | MOD3.2 | Measured | MOD3.3 MOD3.2 Measured
0.05 0.0 0.0 0.10 0.0/no 0.0/no 0.0/no
0.15 0.03 0.02 1.00 0.5/no 0.5/no ~0.5/no
0.25 0.61 0.11 1.00 0.0/no 0.0/- ~0.1/no
0.35 0.67 0.52 0.50 0.0/no 0.0/- 0.0/yes
0.45 0.68 - - 0.0/no 0.0/- 0.0/yes
0.55 0.67 0.37 <0.30 0.0/no 0.0/- 0.0/yes
0.65 0.33 - - 0.0/yes 0.0/- 0.0/yes
0.75 0.22 0.26 0.37 0.0/yes 0.0/- 0.0/yes
0.85 0.24 0.86 0.22 0.0/yes 0.0/no 0.0/yes
0.95 0.90 - - 0.0/no 0.0/no -/-
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The MOD3.3 calculated hydrogen production was in good agreement with the measured hydrogen
production. A hydrogen production of 86 + or - 12 g was measured by analysis of the contents of the
collection tank. MOD3.3 calculated a hydrogen production of 81 g. The hydrogen production calculated by
MOD3.2 was 94 g. The PIE results did not provide a quantitative measurement of the extent of oxidation
of the slumped material in the large blockage region in the elevation interval of 0.1 m to 0.2 m, but did
indicate that a significant fraction of the slumped material in this region was oxidized. MOD?3.3 calculated
that 30% of the slumped cladding in the blockage region was oxidized. The MOD3.3 calculated and
measured rates of hydrogen production and cumulative hydrogen production are compared in Figure A3-
21 and Figure A3-22. The bulk of the hydrogen production was calculated to occur in the period of 1900 s
to 3000 s. The bulk of the hydrogen production was measured to occur in the period of 2100 s to 3300 s.
The calculated rate of hydrogen production during the first 120 s of intensive oxidation was greater than
the measured rate of hydrogen production by about a factor of two. Since the rate of hydrogen production
was measured down stream of the test fuel assembly, the measured rate of hydrogen production lagged the
rate of hydrogen production in the test fuel assembly and the peak measured rate of hydrogen production
was a round off of the peak rate of hydrogen production in the test fuel assembly. The lag time is estimated

to be about 300 s.A3'3Taking into account this lag in the measured rate and round off of the measured rate,
the calculated and measured rates are in fair agreement. Both the calculations and measurements showed
that most of the hydrogen production occurred within a 1000 s period. The measured rate of hydrogen
production showed a leveling off at 2100 s, when intensive oxidation was just beginning and which may
have been due to slumping of cladding at the onset of intensive oxidation. The rate of hydrogen production
was calculated to decrease due to the slumping of cladding after about 120 s of intensive oxidation.
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Figure A3-21. Comparison of calculated and measured rates of hydrogen production for PBF SFD 1-4.
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Figure A3-22. Calculated cumulative hydrogen production for PBF SFD 1-4 test.

The ballooning and rupture of the fuel rod cladding affects the temperature history, oxidation and
meltdown of the fuel rods. The fuel rod cladding was measured to rupture in the period of 1720 s to 1900 s.
The fuel rod cladding was calculated to rupture in the period of 1360 s to 1530 s and at cladding
temperatures in the range of 1100 K to 1150 K. The severely damaged post-test state of the test fuel rods
precluded a measurement of the elevation interval of cladding ballooning. The calculated elevation interval
of cladding ballooning for the fuel rods with burnup was from 0.5 m to 0.8 m above the bottom of the fuel
rods. In reference to the elevation interval of cladding ballooning, ballooning is defined to have occurred
where the cladding hoop strain exceeded 0.12. In the calculations, double-sided oxidation occurred where

the cladding hoop strain exceeded 0.12 and the cladding had ruptured.

In summary, this test problem showed that MOD?3.3 calculates early-phase damage progression in
agreement with experiment results. The calculated oxidation driven heatup of the test fuel assembly was in
good agreement with the measured oxidation driven heatup of the test fuel assembly. The calculated
meltdown of the test fuel assembly was in fair agreement with the measured meltdown of the test fuel
assembly. The calculated and measured cladding meltdown were in good agreement in the lower and
upper parts of the test fuel assembly. The cladding meltdown at the midplane of the test fuel assembly was
underpredicted. The rapid production of hydrogen was both calculated and measured to occur within
about a 1000 s period. The maximum calculated rate of hydrogen production was somewhat greater than
themaximum measured rate of hydrogen production. This discrepancy may be due to an underprediction
of the measured maximum rate of hydrogen proiduction caused by the downstream position of the
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measuring devises. The MOD3.3 calculations of the axial distribution in oxidation of the test fuel
assembly was an improvement over the MOD3.2 calculations of axial distribution in oxidation. MOD?3.3
correctly calculated a significant oxidation of the lower opart of the test fuel assembly and a meltdown of
the upper part of the test fuel assembly. The MOD3.3 calculated time of rupture of the cladding of the test
fuel rods was sooner than the measured time of cladding rupture. Nevertheless, the overall calculation of
earlyphase damage progression was is good agreement with the measurements of early-phase damage

progression.
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A4. CORA TESTS

A series of bundle heating and melting experiments were conducted in the CORA test facility at
Forschungszentrum, Karlsruhe, (FzK) to examine core damage progression under severe accident
conditions. These steam-fed out-of-pile tests used a combination of electrically heated and unheated
bundle fuel rods to simulate decay heating in a reactor core. Due to the ease in configuring the test bundle
and the ability to systematically control test conditions, key severe accident phenomena, such as fuel rod
ballooning, bundle meltdown, and quench-induced fragmentation for both PWR and BWR-configured
bundles were studied. The results of these experiments are useful for assessing models in severe accident
computer codes. A general description of the test facility, a description of the experiments used to assess
SCDAP/RELAPS5/MOD3.3, and assessment results are presented in the following sections.

A4.1 General Description of the CORA Test Facility

The CORA test facility consisted of an experimental fuel bundle (25 or 56 rods, heated, unheated,
and optional control rods for the PWR tests, and 16 or 48 unheated and heated fuel rods with a centered
stainless steel clad boron carbide control blade for the BWR tests), an insulating zirconia shroud, a quench
tank, and a high temperature shield. The experimental bundle consisted of a representative 2-m high fuel
rod bundle with a 1-m electrically heated region to simulate decay heat. The inlet for superheated steam
and argon was on a side near the bottom of the heated section of the experimental bundle, and the hot gases
flowed through the experimental bundle and then into a condenser. The non-condensable gases, hydrogen
formed during zircaloy oxidation and the argon cover gas, are expanded to atmospheric pressure in a
mixing chamber. For safety reasons the hydrogen fraction was diluted by adding compressed air. After
dilution, the composition of the released gas and the mass of hydrogen produced during the experiment
was determined. The fuel rod bundle was surrounded by a porous zirconia insulating shroud. The insulated
test bundle was surrounded by a ceramic high temperature radiation shield.

A steam generator positioned within the containment provided the steam supply to the bundle. A

superheater was used to heat the steam and argon cover gas to temperatures in excess of 800°C. The
maximum allowed pressure in the facility was 10 bars, though all experiments used for the MOD3.2
assessment were performed at 2 bar (1 bar overpressure). The temperature of the gases leaving the

superheater dropped about 200°C as it flowed through the pipe connecting the superheater to the test
bundle.

The experimental test apparatus had viewing ports through which the melt progression in the test
bundle could be continuously observed. Video recording and high-resolution still photography were used
to provide a permanent visual record of the melt progression and core damage events occurring in the test
bundle during the experiment. Thermocouples mounted on the zircaloy cladding of the heated and
unheated fuel rods, at the fuel centerline of some unheated fuel rods, on the control rod or blade, and at
various locations in the insulating shroud and high temperature shield recorded each component’s
temperature change during the test. Mass flow rates of gases, system pressure, and power were
continuously monitored and recorded during the test.
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A4.2 Nodalization of the CORA Test Facility

The RELAPS nodalization diagram of the CORA test facility used to model the CORA PWR
experiments for the assessment is shown in Figure A4-1. The bundle nodalization used for calculations
employed a second shroud component to model the high temperature shield. The two SCDAP shrouds
calculated the radiation heat transfer between the insulating flow shroud and the high temperature shield. A
cross-section of a typical small bundle, CORA-13, is shown in Figure A4-2. The ceramic high temperature
shield was represented by a second SCDAP shroud component surrounding the test bundle. The rod
configuration of each small bundle PWR test is similar to that used for the CORA-13 test with minor
modifications such as the presence or absence of control rods in the test bundle. The initial conditions used
in all assessment input decks were obtained from test data supplied to the INEEL by FzK.

Top of stack of
RELAPS control
volumes that
represent coolant
in test bundle

High temperature
shield

201

101]105] J106

steam argon Ssteam argon
1]]5 6
110

Figure A4-1. General CORA RELAPS nodalization used for all PWR tests.
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Figure A4-2. CORA-13 bundle cross-section basic design used for all PWR tests.

A4.3 Test Conditions for the CORA Tests

Each CORA tests was divided into three distinct phases. The test phases were (a) the gas preheat
phase, (b) the transient phase, and (c) the cooling phase. During the gas preheat phase a low constant
power of 0.65 KW was input to the heater rods while preheated argon flowed through the bundle. During
this phase, the bundle insulation was equilibrated at temperatures sufficiently high to prevent steam
condensation during the test. System pressure during this phase was maintained at the desired test pressure
of 0.22 MPa. During the transient phase, power to the heater rods was increased linearly with time to
develop in the bundle a heatup rate equal to 1 K/s up to the onset of oxidation. Power to the heater rods for
most tests was maintained at the maximum value for several hundred seconds. Throughout each test, argon
flow through the bundle was maintained at a constant flow rate. Steam for most of the tests was introduced
into the bundle 300 seconds after the initiation of power to the heater rods. The superheated steam flowed
through the bundle for a predetermined period of time, usually until termination of power to the heater
rods. The argon or argon/steam mixture, heated to ~ 1,000 K in a superheater, cooled as it flowed through
the 40 foot connecting pipe to the bundle inlet. The bundle inlet temperature remained near 800 K during
the early phase of the simulated accident, increasing by approximately 200 K 500 seconds after the
initiation of power to the heater rods. In quench tests, such as CORA-13, where the addition of cooling
water was used to quickly cool the test bundle, the cooling phase was initiated by the raising of a water
filled cylinder at a rate of 1 cm/s to quench the bundle. In non-quench tests the test bundles were allowed to
cool slowly in flowing argon after termination of power to the heater rods.
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A4.4 Assessment Using CORA-5 TEST
A4.4.1 Description of the Experimental Bundle

The CORA-5 experiment was a small bundle PWR test containing a single control rod centered in
the bundle. The CORA-5 bundle consisted of twenty five (25) rods in a 7 x 7 array with the corners
removed. The bundle, similar to the one shown in Figure A4-2, contained 8 unheated fuel rods, 16 heated
rods and a single stainless steel clad silver-indium-cadmium control rod centered in the bundle. The
unheated fuel rods used in this CORA experiment were prototypical KWU fuel rods. The argon flow rate
through the test bundle for this experiment was maintained 8.2 g/s. Steam flowed through the bundle at a
rate of 6.8 g/s starting 300 s after the initiation of power to the heater rods and continued until the end of
the experiment. While most CORA experiments had open viewing windows cut into the insulating shroud,
the viewing windows for the CORA-5 experiment were made of quartz, therefore eliminating the
possibility of gas or heat leakage through the bundle windows.

A4.4.2 Comparison of Calculations and Measurements

The results of the CORA-5 test were applied to the assessment of MOD3.3 by comparing calculated
temperature histories for several different elevations in the test fuel assembly with the measured
temperature histories at those elevations.

The MOD3.3 calculated temperature behavior of the test fuel assembly was in generally good
agreement with the measured temperature behavior. The MOD3.3 calculated and measured temperature
histories are shown in Figures A4-4 through A4-8 for the elevations of 0.35 m, 0.55 m, 0.75 m, 0.85 m, and
0.95 m, respectively. The elevations are referenced with respect to the bottom of the fuel rods. The
MOD3.2 calculated temperature histories are also shown. At the 0.35 m elevation, the MOD3.3 calculated
heatup of an unheated rod was more rapid than the measured heatup. The heatup was calculated to be
accelerated by the slumping of hot material from above to a location just above the 0.35 m elevation and
then the conduction of heat in the axial direction to the location of the 0.35 m elevation. At the 0.55 m
elevation, the MOD3.3 calculated heatup was slightly faster the measured heatup. At the 0.75 m and 0.85
m elevations, the MOD3.3 calculated heatup was slightly slower than the measured heatup. At the 0.95 m
elevation, the measured temperature decreased due to contact with water from the condensation of steam in
the upper part of the test fuel assembly. The calculation did not represent the upper part of the test fuel
assembly and the condensation of steam, and as a result the calculated rate of heatup was more rapid than
the measured rate of heatup. The MOD?3.3 calculated and measured temperature histories of a control rod
at the elevation of 0.55 m are compared in Figure A4-9. The calculated and measured temperature histories
are in good agreement.

The MOD?3.3 calculated hydrogen production was 25% greater than that calculated by MOD3.2. The
MOD3.3 and MOD3.2 calculations of hydrogen production were 125 g and 100 g, respectively. A
measurement of hydrogen production was not obtained.

The elevation of the primary blockage caused by fuel rod meltdown was calculated to be lower than
the measured elevation. The calculated and measured elevations of primary blockage were 0.05 m and
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Figure A4-3. Calculated and measured temperatures of unheated fuel rod at 0.35 m elevation for
CORA-5 test.
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Figure A4-4. Calculated and measured temperatures of unheated fuel rod at 0.55 m elevation 